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There is a growing conviction in the 
United States and abroad that radia- 
tions emitted by radon inhaled for long 
periods of time or emitted from radio- 
active deposits in the lungs will cause 
cancer of the lung in man. This con- 
viction is based on the fact that primary 
carcinoma of the lung accounts for 50 
percent of the causes of death of the 
miners of Schneeberg and Joachimsthal. 
These mines contain radon, particularly 
those of Joachimsthal, where pitch- 
blende is mined. With the use of 
ever-increasing amounts of radium in 
industries such as luminous-paint man- 
ufacture and laboratories working with 
artificially radioactive substances, it is 
important to know whether radiations 
from radioactive substances will induce 
pulmonary tumors. What, then, is the 
evidence of the carcinogenic properties 
of radiations with respect to lung tissue / 
Is there sufficient evidence to warrant 
the statement that cancer of the lung can 
be induced in man by radioactive sub- 
stances? To answer these questions, it is 
necessary to review and to evaluate the 
literature on pulmonary cancer in the 
miners of Schneeberg and Joachims- 
thal since the latter part of the last 
century, the literature on the radium 
and radon content of the mines, and the 
experimental work carried out on this 
problem. 


LUNG CANCER IN THE MINERS 


Schneeberg (in Germany) and 
Joachimsthal (in Czechoslovakia) are 
situated in the Erzgebirge, or Ore 


597751—441——_-1 


Mountains, which form the border 
between Saxony and Bohemia. The 
mountains are famous for their mineral 
wealth. Mining started in Schneeberg 
at the beginning of the fifteenth century 
(7) and in Joachimsthal at the begin- 
ning of the sixteenth century (2). Be- 
sides copper and iron, at first silver was 
mined, and later cobalt, arsenic, bis- 
muth, and nickel. In the latter part of 
the last century pitchblende was mined, 
especially in Joachimsthal, and was 
used in the manufacture of uranium 
dves (7.2). In 1909 the manufacture 
of radium was started in Joachimsthal, 
and from 1909 to 1925, 26 gm. of radium 
element was produced (3). 

While the mines in Schneeberg were 
still prosperous in the last century, a 
more or less rapid decline set in at the 
turn of the century, which was reflected 
in the number of active miners. In 1879, 
700 to 800 men were employed (4); in 
1921 the number was reduced to 149, in 
1923 to 54 (7). and in 1939 was increased 
to 70 (5). No detailed data are avail- 
able on the number of men working in 
Joachimsthal. In 1924 there were about 
400 miners, and 60 workers in the ra- 
dium factory (4), and in 1939 approxi- 
mately the same number (7). 

Many of the miners of these districts 
are known to die in middle age of a pul- 
monary disease which the miners eall, 

“Bergkrankheit,” or mountain disease. 
As early as the beginning of the six- 
teenth century, descriptions of the dis- 
ease can be found in old chronicles. 
Clinically, the disease manifests itself 
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in a persistent cough with viscous dis- 
charge. pain in the chest and back, and 
dyspnea often lasting many years (7 to 
20). It occurs in miners that have been 
working in the mines for over 10 years 
(7,4). The “Bergkrankheit™ was first 
diagnosed as cancer of the lung by 
Hiirting and Hesse (4). ; 
Living, working, and social condi- 
tions are bad in the mining districts. 
Detailed data are available on Schnee- 
berg (7.4.6.9). Few are available for 
Joachimsthal, but it can be assumed 
that they are of equal order. With 
recognition of the disease as lung can- 
cer, improvements In these conditions 
have doubtless been made in recent 
year (//), but their extent is not fully 
known. The majority of the miners 
live far away from the mines and have 
to walk as much as several hours across 
the windy high plateau to the mines. 
In many of the Schneeberg mines they 
have to descend ladders many hundred 
feet to their working places. The 
temperature in the mines is between 9 
and 16° C., the mines are damp, and 
during the melting of the snow they are 
wet. Ventilation is usually sufficient 
except in blind shafts: it is provided 
by a gallery connecting all mines (/). 
After work the miners have to climb 
the ladders again and usually walk 
home without changing their clothing, 
which is soaked with sweat. It is no 
wonder, therefore, that chronic respir- 
atory diseases are common. Ziel (12) 
states that the Joachimsthal miners 
have to support for 3 hours daily heavy 
boring hammers on hip or shoulder and 
that the body is subject to violent con- 
cussions. 
Hiirting and Hesse (4) were the first 
Vio carry out exhaustive and excellently 
planned investigations of the Berg- 
krankheit. They reported their find- 
ings in 1879. Twenty necropsies were 
performed. In most of them lympho- 
sarcoma was found at the root of the 
lung and in one a carcinoma of the bron- 
chial lymph nodes. The lungs were 
often black with pigmentation. Not 
wean multiple cancer nodules were 
found in the pleura. The bronchial 


lymph nodes were often enlarged 
melanotic, and hard and contained 
material that looked like coal.  Hiirt- 
ing and Hesse stated that in 75 percent 
of all deaths the cause was lung cancer 
and that the incidence was greater in 
miners than in masons or carpenters 
working in the mines. The onset of 
the disease occurred after about 20 
vears’ work in the mines. Hiirting and 
Hesse investigated the dust in the 
mines and determined that a miner in- 
haled approximately 6 gm. of dust in 

hours. They assumed as the cause 
that inhaled arsenic produced irrita- 
tion of the lymph nodes in which 
collected and that respiratory diseases 
especially and the bad state of nutrition 
were predisposing factors in the devel- 
opment of the malignancies. Informa- 
tion on cancer of the lung among the 
miners of Joachimsthal was not elicited 
by questioning at that time. 

Not until 1913 were new investiga- 
tions carried out. At this time Arn- 
stein (/3) reported statistical data 
showing that from 1875 to 1912, 276 
miners had died of cancer of the lung, 
64 of tuberculosis, 119 of other lung 
diseases, and 206 from other causes. 
Thus the lung-cancer mortality was 
approximately 40 percent. Arnstein 
stated that there were probably cancers 
in those that died of other pulmonary 
diseases. He (/4) was the first to di- 
agnose the cancer as squamous-cell 
carcinoma, 

Again a long period elapsed before 
new investigations were carried out, al- 
though pg (75) in 1921 and Bey- 
reuther (/6) in 1924 described isolated 

cases of ‘eos cancer in the Schneeberg 
miners and gave histologic findings. 
Beginning in 1921 Rostoski and Saupe 
(/) carried out an exhaustive clinical 
investigation while Schmorl (7) ob- 
tained ~ pathologic material from ne- 
cropsies. Their investigations were 
made on 116 miners, 32 invalids, and 6 
former miners, 167 factory workers who 
processed the mined ore (cobalt-dye fac- 
tory), and 186 people of the surrounding 
country (not miners). A complete phy- 
sical examination with radiographs was 
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made of each person. The average 
working time of the miners was 25 years, 
the longest 45 years, and the shortest, 
10 years. The clinical picture frequent- 
ly showed the persistent cough with 
viscous exudate and the other symptoms 
mentioned on page 2. Physical ex- 
amination revealed the presence of con- 
solidation in the upper lung in some 
The blood picture was more or 
less normal, with slightly lowered hemo- 
globin. X-ray examination showed 
tuberculosis in a few persons, pneu- 
moconiosis in 17 (of whom 4 later de- 
veloped tumors), and cancer of the lung 
with pneumoconiosis in 17 others. 
Those not employed in the mines did not 
show any indication of tumor. Of the 
154 miners, invalids, or former miners, 
21 died within 31, years. Thirteen of 
them were necropsied, and the clinical 
diagnosis of lung cancer was verified. 
Two of them had left the mines 15 and 
22 years before, after working in the 
mines 10 and 17 years, respectively. 
With the omission of these 2, 50 percent 
of the miners who died during this pe- 
riod died of lung cancer. The average 
age at which cancer was found was 55 
years, the oldest man being 69, the 
youngest 37. In the general population 
of the mining district, only 2 cases of 
cancer were found. Histologically, all 
persons with lung cancer showed epithe- 
lial neoplasm: no lymphosarcomas were 
found. The authors state that the diag- 
noses of Hiirting and Hesse (4) in 1879 
were probably due to misinterpretation. 
In 9 persons the carcinoma started from 
large bronchi, in 6 from alveolar tissue, 
and in the remaining 6 the point of orig- 
in could not be determined with cer- 
tainty. Twelve showed squamous-cell 
carcinoma, six carcinoma simplex, and 
three small-cell carcinoma. All showed 
pneumoconiosis at the site of the tumor, 
and the authors considered this to 
be a precancerous lesion. They stated 
that in Dresden, where anthracosis is 
frequent, cancer of the lung is also 
frequent. 

Saupe (77) in 1933 stated that in the 
large cities of Saxony, which are very 
dusty because of the limestone and soft- 
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coal industries, pneumoconiosis and 
‘cancer of the lung are frequent. Of all 
‘rancer deaths in the city of Dresden 
from 1923 to 1930, 19.8 percent resulted 
from cancer of the lung (male 28 per- 
cent, female 6.8 percent). However, he 
(1, 17) considered pneumoconiosis as 
only one of the factors causing pul- 
monary tumor. In the case of the 
“chneeberg miners, he considered also 
arsenic, previous numerous affections 
of the respiratory tract, unfavorable liv- 
ing and working conditions, and finally 
radon and radium. He mentioned that 
besides the exogenous factors an en- 
dogenous factor probably also played 
an important role. The possibility that 
radon may be of importance in the can- 
cer of the lungs of the miners had been 
expressed previously, e. g., by Ludewig 
and Lorenser (J8) in 1924. At that 
time the carcinogenic action of X or 
y radiations had been known for many 
years. 

In 1935 Lange (8) stated that the 
mortality in Schneeberg caused by can- 
cer of the lung was still 60 to 70 percent 
of all deaths of miners or pensioners. 
ile could not find silicosis in the miners 
he checked, and he believed that perhaps 
not radon but radium, besides the car- 
cinogens, arsenic and cobalt, was to 
blame for the high incidence of lung 
cancer. He determined on a map the 
location of 266 deaths from cancer and 
stated that cancer was 3 times higher in 
(listricts rich in radium than in regions 
with less radium. 

In 1936 the German committee for the 
fight against cancer started a detailed 
investigation in the Schneeberg region. 
In the following vear Brandt (7/) re- 
ported on the program, which consisted 
of clinical investigations, necropsies on 
all miners, statistical investigations, 
measurements of radioactivity, and ani- 
mal experiments. The results of the 
anatomical investigations were reported 
by Hueck (5) in 1939. From 1936 to 
1939, of 70 miners, 6 died and were ne- 
cropsied, 5 showed carcinoma of the 
lung, and 1 tuberculosis. Necropsies on 
14 persons in Schneeberg and surround- 
ing country (it is not stated whether 
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they were miners) showed 12 cases of 
carcinoma of the lung. Hueck stated 
that the lung cancer of miners was not 
different from that of other people. 
Silicosis had no immediate connection, 
as the persons dying from. silicosis 
showed no cancer while often those with 
cancer of the lung showed little silicosis. 

Lange (8) pointed out that since the 
establishment of a cancer consultation 
center in the region, the number of peo- 
ple found w ith pulmonary cancer had 
increased, No statistics were given to 
indicate whether the inc idence of this 
type of cancer is generally high in this 
region. He stated that the 1 -adioactiv- 
ity in rock and air was undoubtedly the 
cause, 

Until the time of the investigations 
of Rostoski, Saupe, and Schmorl (/) 
in Schneeberg lung cancer was unknown 
among the miners of Joachimsthal (4, 
15). In the mortality statistics tuber- 
culosis was frequently given as cause of 
death. As a result of the findings in 
Schneeberg, investigations were started 
in Joachimsthal, and in 1929 Lowy (6) 
reported one case in which a lung 
tumor was found in a miner by bron- 
chography and another of a worker in 
the radium factory, who showed a lung 
tumor at necropsy. Histologically, the 
tumor proved to be an undifferentiated 
careimnonia. 

This first investigation was followed 
by others in rapid succession. In 1930 
Sikl (2) reported necropsy findings on 
15 miners and pensioners. Eight had 
cancer of the lung with either squam- 
ous-cell carcinoma or small-cell car- 
cinoma. These miners, whose ages 
ranged from 40 to 63 years, had worked 
in the mines for 13 to 23 years. A chem- 
ical analysis of the lung parenchyma 
showed calcium, magnesium, aluminum, 
and silica. No radioactivity was found. 
Sik] assumed that radon was the cause 
of the neoplasms. In 1930 Ziel (72) 
reviewed the findings up to that time 
and stated that of a total of 322 miners, 
60 percent showed pneumoconiosis. 
Anamnesis showed 47 cases of cancer 
in their parents or brothers and sisters. 
No cancer was found in active miners. 


In 1932 Pirchan and Sik] (19) reported 
a detailed investigation; 323 miners 

were given a thorough physical and 

fluoroscopic examination. No cases of 
lung cancer were found. Of 83 retired 
miners the diagnosis of cancer of the 
lung was made in 3 (2 were later con- 
firmed by necropsy). Between 1929 and 
1930, 19 miners died; 13 of them were 
necropsied, and 9 showed cancer of the 
lung. Six of the miners had been re- 
tired 6 to 27 years before examination. 
The authors believed that cancer of the 
lung developed more rapidly in Joach- 
imsthal than in Schneeberg. They also 
pointed out that pneumoconiosis was 
much less severe in Joachimsthal than 
in the Schneeberg miners and not im- 
portant for the development of cancer. 

Teleky (20, 21), however, believed that 
the differences in pneumoconiosis be- 
tween Joachimsthal and Schneeberg 
might be due to the technique of exami- 
nation employed (in Joachimsthal prob- 
ably fluoroscopy only was used, while 
radiographs were taken in Schneeberg ). 

Pirchan and Sikl (79) also reported on 
the chemical analyses of lungs. No ra- 
dium, calcium, magnesium, silica, ar- 
senic, bismuth, cobalt, or nickel was 
found. They stated that radioactivity 
was to blame and mentioned that the 
miners believe “that the discovery of a 
rich uranium ore vein is always followed 
some years later by a strong mortality 
among them.” ‘Woldrich (22) ex- 
amined the blood of 29 pensioned 
miners, active miners, and workers in 
the uranium factory. He found anemia 
in 23, especially in factory and labora- 
tory workers, and stated that this was 
“myelotoxic enemia due to radium or 
radon inhalation.” As only single blood 
examinations were made, his conclusions 
have little significance. In 1935 Ziel 
(23, 24) reported on 15 necropsies in 
Joachimsthal, of which 4 showed can- 
cer of the lung. Chemical analysis of 
lung tissue showed no lead, arsenic, bis- 
muth, cobalt, nickel, or uranium, but 
considerable silica. In miners with 
tuberculosis also a high silica content 
was found. In 1935 Tschelnitz (25) 
stated that radon was not the sole cause 
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of the cancer of the lungs in Joachims- 
thal and believed that the most likely 
cause Was the radium inhaled with the 
dust and the pneumoconiosis produced 
by the inhalation of silica. In 1939 
Peller (24) summed up the necropsy 
findings in Joachimsthal from 1928 to 
1938. Of 89 miners and pensioners who 
died from 1928 to 1938, 60 were necrop- 
sied. Of these 43, or about 50 percent, 
had cancer of the lungs. Of 30 who died 
from other causes, 24 died of lung dis- 
eases, and of these 18 had tuberculosis 
(4 combined with silicosis) 3 severe 
silicosis without tuberculosis, 1 emphy- 
sema, 1 pneumonia, and 1 chronic bron- 
chitis. In 1939 Saupe (27) made an X- 
ray investigation of 398 miners or 
workers in the radium factory and pen- 
sioners with 10 years or longer activity. 
His findings are given in table 1. The 
silicosis found was the same as that ob- 
served in stone workers or in miners 
generally. The radium factory also was 
not free of dust. Two of the three men 
with definite lung tumors had not been 
in the mines for 12 and 20 years, re- 
spectively. There were few miners who 
did not complain of cough, chest pain, 
or dyspnea. Since 1939 no additional 
information has been published. The 
available data show that approximately 
50 percent of all miners of Schneeberg 
and Joachimsthal dying up to 1939, died 
of cancer of the lung. The cancer, for- 
merly diagnosed as lymphosarcoma, was 
later diagnosed in all cases as carcinoma. 
Whereas in former years pneumoconio- 
sis in combination with arsenic and co- 
balt was assumed to be the cause of this 
cancer, today the radioactivity of the 


TABLE 1.—X-ray findings in miners 





X-ray diagnosis of lungs Miners 


| 
Number| Percent 


Well 216 54.1 
Silicosis I ‘ 134 33.6 
Silicosis II 28 7.1 
Silicosis III 4 2.4 
Silicosis plus advanced tuberculosis 6 1.6 
Advanced tuberculosis without extensive 

silicosis 3 me 
Pulmonary cancer 3 7 
Suspicion of pulmonary cancer. __- 4 1.1 





ore and the radon content of the air 
in the mines are generally considered 
to be the primary cause. 


PHYSICAL DATA 


The region of Schneeberg and Joa- 
chimsthal is rich in radioactive sub- 
stances. However, the radium content 
of the rocks in both mining districts 
and in the mines is relatively low, ap- 
proximately 2 x 107 gm. radium per 
gram of rock in comparison with 2 x 
10° om. radium in granite. It is due 
to impregnation of the rock with finely 
dispersed uranium minerals. In Joa- 
chimsthal pitchblende is obtained in 
some mines. There the pitchblende is 
admixed with many other compounds, 
especially lead sulfide, silica, calcium 
oxide, ferrous oxide, and magnesium 
oxide (Hevesy and Paneth (28)). No 
data were found as to the content of 
pitchblende in the mined ore. The 
average total radium output in Joa- 
chimsthal is approximately 2 gm. per 


year. Ten thousand kilograms of 
pitchblende yields approximately 2 


om. of radium. <As_ shown later, 
the radon content of the air and 
water in the mines and springs (some 
of which are thermal springs) is 
considerably higher than corresponds 
to the radium content of the rock. It 
is assumed that the radon comes from 
radium-containing ore at great depth 
and diffuses into the mines or is carried 
up by the springs (3). The first 
detailed physical investigations in 
Schneeberg were carried out by Lude- 
wig and Lorenser (/8). They found 
that the radon content of the air in the 
mines varied from 3.6 x 10°° to 18 x 
10°* curies per liter, most values were 
below 3.6 x 10° curies. The highest 
values were encountered at places where 
the air was stagnant, especially at the 
places of boring operations. In one 
mine, “Siebenschlehen” (called by the 
miners the death mine), the radon con- 
tent was between 3.6 x 10° and 9 x 10°° 
curies per liter. Between 1936 and 
1939 Rajewsky (/?) made exhaustive 
measurements. He not only investi- 
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gated the radon content of the air in 
the mines but also measured the amount 
of radon in the exhaled air and in the 
urine of miners. The radon content of 
the air in mines varied from 7 x 10°" 
to 7 x 10° curies per liter and was in 
most cases below 3.6 x 10°° curies. In 
the mine “Siebenschlehen.” which was 
tbandoned since the measurements of 
Ludewig and Lorenser were made and 
became flooded subsequently, he found 
values up to 5.4 x 10° curies per liter. 
The higher value measured after the 
mine was abandoned was undoubtedly 
caused by the accumulation of radio- 
active water and stagnation of air. In 
the mines in operation at the time of 
measurement, the radon content was 
between 2 and 3 x 10° curies per liter. 
The springs in the mines showed a 
radon content similar to that of the air. 
The data on the exhaled air of miners 
were as follows: Before entering the 
mine shaft, 4 x 10°” to 1 x 10° curies 
per liter: after leaving the mine shaft. 
9x 10 to LS x 10° curies per liter: 
on leaving the mine house, 5 meters 
from the mine house 1 x 10° to 8 x 
10°" per liter: and 100 meters from the 
mine house, 7 x 10°™ to 2 x 10°” curies 
per liter. In another group the radon 
content was 0 to 7 x 10-" curies per liter 
before entering and 0 to 4 x 10™ when 
leaving the mine. In Joachimsthal, 
Béhounek (29) investigated the radon 
content of the mines from 1924 to 1925. 
He found values similar to those found 
in Schneeberg by Ludewig and Lorenser 
and by Rajewsky. The air in the mines 
had a radon content of 4 x 10° to 2 x 
10° curies per liter, most values being 
under + x 10°. In two drilling holes 
he found activities up to 8 x 10° curies 
per liter. The activity of the springs 
in mines ranged from 1 x 10° to2 x 10-8 
curies per liter. The majority of the 
springs, however, had an activity con- 
siderably below 4 x 10° curies per liter. 
According to Rajewsky (30), the 
human body contains pete, Moat 1x 
10° gm. of radium in middle age. Of 
this amount, 90 percent is deposited in 
the bones, and 10 percent in blood, lung, 
liver, spleen, ete. The smallest amount 


found in the muscles. The radium 
content of the lungs varies from 0.05 to 
2 if the content of the vertebrae is 100, 
It is approximately < 2 x 10° gm. of 
radium per gram of fresh lung tissue. 
In 1934 Béhounek (37) reported on the 
radium content of lung tissue and verte- 
brae of miners of Joachimsthal who had 
died of cancer of the lung. He found 
approximately 1 x 107° gm. of radium 
per gram of lung tissue and approxi- 
mately the same amount per gram of 
vertebra. 

Rajewsky (J) made measurements 
on lung tissue of 15 miners (41 to 64 
vears old). who had died of cancer of 
the lung and found values ranging, ac- 
cording to age, from 0.06 x 10°" gm. 

radium equivalent to 2 x 10° gm. radi- 
um equivalent per gram of fresh lung 
tissue, the latter value in a miner 61 
vears of age. The majority of his 
values were below 0.5 x 10-2 em. radium 
equivalent. Data for vertebra (two 
cases) were approximately 1 x 10°" per 
gram of fresh bone, and for muscle 
0.06 x 10° gm. radium equivalent per 
gram of fresh tissue. These values are 
not different from the data given for 
the average human being of middle age, 
considering individual variations and 
the large error connected with measure- 
ments of such small activities. If large 
amounts of radon are inhaled constantly. 
the amount of the long-life decay prod- 
ucts accumulated is so small that they 
fall well below the range of the natural 
activity of the body. Fernau and 
Smereker (32) calculated that in the 
oral administration of 3.6 x 10°° curies of 
radon daily over a year the total aceu- 
mulation of radium D would amount 
to 5.06 x 10°? om., that of radium E to 
3.13 x 10 om., and that of radium 
F (polonium) to 823 x 10° gm. 
Therefore, the activity measured in 
tissue is in no way a measure of the 
amount of radon inhaled previously. 

In order to determine a toxic dose for 
radon inhalation over long periods of 
time, Rajewsky (17) calculated this dose 
from the data of Inouye (33) on the 
decrease of anaerobic glycolysis of sar- 
coma tissue under the influence of radon. 
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A 10-percent decrease in the value of 
glycolysis, assumed to be the lower 
threshold value for a toxic dose, is pro- 
duced by 1.5 x 10°° curie-hours per gram 
of tissue. This dose compares with the 
lower limit of the toxic dose for radium 
(calculated from a lethal case of radium 
poisoning) of 2.6 x 10-° gram-hours of 
radium element per gram of tissue. As- 
suming that the miners work on an 
average 18 years and spend 8 hours daily 
in the mines, and considering further 
that it takes 2 to 3 hours until the 
emanation is removed from the body 
and the fact that long-life products are 
deposited at first in the lungs, Rajewsky 
obtained from the foregoing tissue 
value a value for the lower limit of 
the toxic dose of inhaled radon of 
9.5 x 10° curies per liter of air. The 
tolerance doses should be 149 to Yoo of 
this dose, approximately 1 x 10° to 1 x 
10° curies per liter of air. It has been 
shown that the air of the mines con- 
tains an average of about 3 x 10° curies 
per liter of air. Rajewsky concluded— 
that the possibility that the damage produced 
by the inhalation of the air of the mines con- 
taining radon is one of the causes of the dis- 
ease of Schneeberg cannot be denied on the 
basis of the measurements at present avail- 
able. 

In 1939 Read and Mottram (34) ar- 
rived at a value for the safety dose in 
another way. By exposing mice to ra- 
don of different concentrations, they 
found that a concentration of radon of 
5 x 10~* curies per liter is fatal to mice 
within a few weeks, and that mice will 
live 161 days (the time of termination 
of the experiment) in an atmosphere of 
1 x 10~* curies per liter. At this con- 
centration the animals breed and grow 
normally. As safety dose they propose 
one-tenth of this value, 1 x 10 curies 
per liter. This is in agreement with the 
data of Rajewsky. Inthe United States 
Evans and Goodman (35) in 1940 pro- 
posed a safety dose of 1 x 10~-™ curies 
per liter for continuous inhalation of 
radon. They argued that in the Schnee- 
berg and Joachimsthal miners the aver- 
age radon concentration is 2.9 x 10~° 
curies per liter. This dose over long pe- 
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riods of time, they said, will produce 
lung tumors inthe miners. On the other 
hand, one microgram of stored radium 
in the body will produce 1.1 x 10-™ 
curies per liter of exhaled air on an aver- 
age. Inthe case of one dial painter with 
2 micrograms of stored radium,’ car- 
cinoma of the ethmoids and antrum was 
found. This painter exhaled contin- 
uously 2 x 10°" curies of radon per 
liter. Hence, Evans proposed a safety 
dose of 1 x 10 curies of radon per 
liter. This dose has been adopted gen- 
erally in the United States as the safety 
dose. 


ANIMAL EXPERIMENTS 


As mentioned previously, the belief 
is growing that the continuous inhala- 
tion of radon is responsible for lung 
cancer in the miners of Schneeberg and 
Joachimsthal. The question arises: 
How far do animal experiments sup- 
port this belief? A considerable num- 
ber of investigations have been carried 
out on the biologic effects of radon. 
As most of them are short-term experi- 
ments and as the induction of lung 
tumors by radon is not reported, they 
are omitted here. They are reviewed 
by Stoklasa (3). In the following dis- 
cussion only prolonged experiments or 
experiments using material from the 
mines (such as dust, ete.) are consid- 
ered. The first animal experiments 
were made by Hiirting and Hesse (4), 
who fed fungi from the mines to mice. 
Arnstein (73) fed mud from the mines 
to white rats and injected cultures of 
molds from the mines into rats intra- 
tracheally. The basis for these experi- 
ments was the idea that a gaseous prod- 
uct of arsenic might be formed by the 
fungi. These experiments were nega- 
tive. Schmidtmann (36) in 1930 ex- 
posed animals to six different samples 
of boring dust from the Schneeberg 
mines. He could not obtain dust collec- 
tions in the lungs characteristic of those 
found in the Schneeberg miners. The 
action of the different dust samples on 

‘Personal communication to Evans (35) from 
Martland. 


2 No evidence is cited that this was not a purely 
coincidental spontaneous neoplasm. 
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the bronchial epithelium varied, two 
dusts containing the most arsenic reg- 
ularly produced peribronchitis with 
strong connective tissue reactions and 
epithelial proliferation. Smiliar 
changes could be produced with other 
dusts if small amounts of arsenic were 
added to the food. However. he stated 
that arsenic could not be the only or 
essential agent in the dust, as street 
dust and arsenic never produced such 
changes. According to Teleky (22), 
unsuccessful animal experiments were 
carried out by Léwy (37) in 1936 in 
Joachimsthal. 

An extensive experiment, in which 
animals, mainly mice, were placed in the 
mines in the neighborhood of the work- 
ing place of the mine rs, Was started in 
Schneeberg in 1936 by Déhnert (4). He 
stated that white mice of both sexes were 
used and were procured from a dealer 
who had the greatest interest in having 
tumor-free colonies. No controls were 
kept. At the beginning of the experi- 
ment the animals were over 1 vear old, 
because Déhnert reasoned that older 
animals get tumors more easily. The 
reasoning for this experimental setup 
seems very strange, especially since the 
importance of the use of inbred mice 
with high spontaneous-tumor incidence 
(e. g.. strain A mice with 50-percent 
incidence of spontaneous lung tumor at 
the age of 12 months) in cancer research 
has been known and stressed for many 
years. No conclusions can be drawn 
from reports in the literature on the 
incidence of spontaneous lung tumors 
in stock white mice as to the incidence 
in any given batch of white mice. The 
incidence may change considerably 
from batch to batch. Furthermore, in 
Dihnert’s work only dead mice came to 
necropsy. All these factors make his 
results and conclusions of questionable 
significance. They are given, however, 
because he thought they showed that the 
radioactivity of the mines was mainly 
responsible for the cancer of the lungs 
of the miners. He stated that on ac- 
count of the given considerations the 
content of radium of the Schneeberg 
mines must be considered as a carci- 


nogeniec agent of decisive importance. 
He reported that 28 mice were exposed 
in the mines from 2 to 370 days. Almost 
all the animals died of infections of the 
respiratory tract (bronchitis or pneu- 
monia). Moderate dust deposits were 
observed in the lungs. Twenty-five per- 
cent of the animals had tumors. Two 
were epithelial lung tumors, one a focus 
of hyperplasia of lung (perhaps due to 
coccidiosis) the remaining tumors were 
at other sites. He assumed that the per- 
centage of lung tumors was consider: a 
increased in comparison with Slye’s 2.7 
percent and Schabad’s 3.5 percent and 
white mice. He considered also the 
total tumor incidence of 25 percent far 
above the normal. Disc ae iL possi- 
ble carcinogenic action of arsenic and 
also possible effects due to the climate 
in the mines, he concluded that the ra- 
dioactivity of the mines was the only 
factor that caused the induction of tu- 
mors in his experimental animals. 

In 1939 Hueck (5) reported on the 
continuation of Déhnert’s experiments. 
Of 110 mice which had died up to that 
time, 18 mice had tumors, 5 having 
adenomas of the lungs. Fifty-two of 
these animals were given to Rajewsky 
for analysis of the radium content. 
Rajew sky (10) gave the following 

values per gram fresh tissue of 15 ani- 
mals: bone and marrow from 1.4 to 75 
x 10°" gm. radium equivalent, and lungs 
from 0.5 to 18.2 gm. radium equivalent. 
In conclusion it can be stated that the 
animal experiments carried out in the 
mines or with material obtained from 
the mines do not offer any proof that the 
radioactivity in the mines is responsible 
for the cancer of the lung of the miners. 

A number of experiments with radon 
under laboratory conditions lasting 
from a few weeks to over a year are re 
ported in the literature. In 1926 Jan- 
sen and Schultzer (38) kept young and 
suckling rats in an emanatorium con- 
taining in one experiment 7.3 x 10° 
curies per liter, and in another 1.8 x 10-7 
curies per liter. The rats of the first 
experiment became sick and lost weight 
after 5 weeks and were moribund or 
died 1 to 2 weeks later. At necropsy, 
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hemorrhages in the lungs were observed. 
Exposure to 1.8 x 10° curies per liter 
had no demonstrable effect after 9 
weeks. Schultzer (39) implanted par- 
affin capsules with 0.040 to 0.200 gm. of 
a radium bromide solution of 15 to 20 
mg. percent in the abdominal cavity of 
rats. The radon diffused from the cap- 
sule into the rat. Schultzer found the 
radon content of the animals was ap- 
proximately the same as that in the ex- 
periment of Jansen and Schultzer, in 
which the animals lived in an atmos- 
phere containing 7.3 x 107 curies of 
radon per liter. In contrast with the 
emanatorium experiment, the rats 
showed no ill effects after 9 weeks. 
Schultzer concluded that the rats in the 
emanatorium experiment dying after 7 
weeks of exposure succumbed, not on 
account of the radiation from the ra- 
don, but probably on account of the 
y radiation originating from the decom- 
position products within the emana- 
torium. No lesions of the lung were 
observed. 

Stoklasa (40) in 1932 exposed rabbits 
6 to 8 hours per day for a total of 120 
days to an atmosphere containing 2.9 
x 10° curies per liter. A few animals 
died after 65 to 90 days. He repeated 
the experiment and analyzed the lungs 
for lactic acid and enzymes and found 
un increase in lactic acid. He assumed 
the increase to be due to an increase 
in the breathing process resulting in 
straining and damage of the lungs, and 
finally in pathologic changes. He stated 
that the problem of the lung cancer of 
the miners of Joachimsthal seemed to 
be solved by his experiment. No path- 
ologic data were presented to support 
such a speculation. 

In 1938 Lorenz* injected 11 male 
strain A backcross mice, 3 months of 
age, intraperitoneally with a radon so- 
lution in water 4 times within 2 months 
with the following doses: 0.2, 0.22, 0.4 
and 0.38 millicurie, a total of 1.2 milli- 
curies. Up to the fourth dose the ani- 
mals were in good physical condition, 
but afterwards their weight and health 


Unpublished data. 
44- 2 
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began to decline. Fifty percent of the 
animals had died or were killed and 
necropsied when in a moribund condi- 
tion 6 months after the first injection. 
The remainder lived to about 814 
months after the first injection and were 
killed and necropsied also when in a 
moribund condition. The decline of 
weight was rapid during the last month, 
the fur became gray generally and white 
over the thorax. Necropsy showed ex- 
treme atrophy of spleen, bone marrow, 
lymph nodes, and sex organs. No in- 
crease in lung tumors was observed in 
comparison with controls, nor was there 
any damage to the lung tissue although 
at least 90 percent of the radon is ex- 
Strain A 
backcross mice show a high incidence 
of spontaneous lung tumors, and lung 
tumors are readily induced in them with 
carcinogenic compounds. 

The experiments of Read and Mot- 
tram (34) were mentioned in the pre- 
ceding section. Mice exposed to a con- 
centration of 1 x 10°° curies per liter for 
26 days (except Saturdays and Sun- 
days) began to die off after the twenty- 
second day. The histologic findings 
were similar to those in animals exposed 
to y radiation or X-rays; i. e., general 
atrophy of lymphoid tissue, a bone mar- 
row containing chiefly adult poly- 
morphs, ovaries showing degenerated 
and shrunken ova, and atrophy of testes. 
No radiation damage to the lungs was 
mentioned. Animals exposed to 5 x 107 
curies per liter for 43 days (only 1 sur- 
viving the forty-eighth day) showed 
similar histologic findings. The authors 
state: “The only additional pathologic 
finding was an abscess of the lung in one 
animal.” Mice exposed to 1x 10°‘ curies 
per liter over a period of 161 days 
showed normal growth and breeding. 

Jackson (41) exposed male mice of 
strains C57 Black, A, and C3H (a total 
of 61 mice) continuously to an atmos- 
phere of 1.5.x 10-° curies per liter. After 
60 days, 13 mice had died of intercurrent 
disease, no lung changes were reported 
in these animals that could be attributed 
to direct radiation damage of the lungs. 

In 1943 Rajewsky, Schraub, and 
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Kahlau (42) reported ina preliminary 
communication experiments in which 
white mice were exposed continuously 
to radon. In 1 experiment (36 ani- 
mals) the following concentrations 
were used: 14 x 10°, 1.5 x 10°, and 
2.0 x 10° curies per liter. These doses 
proved toxic, and the animals died 
within 60 to 100 days. Rapid decrease 
in weight and pathologie ch: inges in the 
blood picture were observed. Histo- 
logically atypical changes of the bron- 
chial epithelium were found which 
increased with increasing length of ex- 
posure and were characterized by ir- 
regular arrangement and appearance of 
abnormally large cells. In another ex- 
periment, white mice were exposed to 
1.16 x 10°° curies per liter. In this con- 
centration the animals lived from 161 to 
453 days. A decrease in weight was ob- 
served after 83 days (from 19.4 to 15.4 
gm.) and the animals died in a _ pro- 
nounced sick state. Histologically, the 
atypical changes of the bronchial epi- 
thelium were also observed in this series. 
In the 12 experimental animals, 10 aden- 
omas, 1 adenocarcinoma originating 
from a small bronchus, and 1 peribron- 
chial and perivascular proliferation of 
the lymphoreticular tissues were ob- 
served. In the control series only 1 
small adenoma was found. The authors 
stated that there exists hardly a doubt 
that the described findings, 58 percent 
of the tumor animals, 10 adenomas 
and at least 1 bronchial carcinoma in 12 
animals must be attributed to the 
chronic action of the radium emanation. 
The objection to the use of stock 
white mice in cancer research has al- 
ready been raised. The weight of the 
mice was 19.3 gm. after 83 days indi- 
cating that either very young ‘animals 
were used and their growth was stunted 
from the beginning “of the experiment 
or that the animals became sick at an 
early stage. Mice having chronic 
pneumonia may live for many months 
with their weight slowly declining. 
Of the 12 experimental animals, 7 
showed 10 adenomas and 1 adenocarci- 
noma originating from a small bron- 
chus. There is no convincing evidence 


in the literature that spontaneous ade- 
nomas or adenocarcinoma of the mouse 
lung originate from bronchial epithe- 
lium (43). All evidence points to an 
alveolar origin of these tumors. In 
all experiments in which carcinogenic 
chemicals were used for the induction 
of lung tumors, by either the subcu- 
taneous or the intravenous (Andervont 
and Shimkin (44)) or the intratracheal 
(Shimkin (45)) route, only adenomas 
of the alveoli were induced. Radon, if 
carcinogenic, should also induce tumors 
of the alveoli mainly unless the mecha- 
nism of tumor induction by radon is 
different from that by chemical car- 
cinogens. Rajewsky et al. did not give 
the location of the adenomas. As they 
stressed the fact that 1 adenocarcinoma 
developed from a small bronchus and 
that the bronchial epithelium was 
strongly atypical, however, it is be- 
lieved that the adenomas also developed 
from the bronchi. It is a well-estab- 
lished fact that chronic pneumonia in 
mice very frequently shows bronchiolar 
proliferation, which, when occurring as 
a localized nodule, resembles an ade- 
noma. Such changes were described in 
detail in mice and other small labora- 
tory animals (46, p. 54). The question 
arises whether the adenomas observed 
by Rajewsky et al. were not such struc- 
tures. The body weight of the experi- 
mental animals, as discussed herein, 
supports such a theory. Mice kept in 
an enclosed space continuously or for 
a number of hours per day for long 
periods are prone to develop chronic 
pheumonia unless humidity in the space 
iscontrolled.* It seems, therefore, that 
as far as this preliminary report is con- 
cerned, the proof that radon can induce 
tumors of the lung of mice is still lack- 
ing. The conclusion is reached from 
the experimental material presented 
that up to the present time it is doubt- 
ful whether radon can induce lung 
tumors in experimental animals. 


DISCUSSION 


In the course of time, various factors 
have been blamed for the high ineidence 


# Lorenz: Unpublished observations. 
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of lung cancer among the miners of 
Schneeberg and Joachimsthal. 
in the early stages of the investigations, 
poisonous factors in the mines, such as 
fungi or the mud, besides dust contain- 
ing arsenic, cobalt, and silica, were 
thought to be the cause, attention 
shifted in the early twenties mainly to 
the dust, the pneumoconiosis connected 
with it, and chronic diseases of the 
respiratory tract. At that time, how- 
ever, the opinion had already been ex- 
pressed that the radioactivity of the 
mines might be a contributing cause. 
In later years, it became dubious (cf. 
Macklin and Macklin (47))_ that 
chronic irritation is the cause of pri- 
mary carcinoma of the lung. No report 
has been found in the literature that 
arsenic, although inducing other lesion, 
after long contact will induce pulmon- 
ary cancer (48). Therefore, these fac- 
tors must be excluded as primary fac- 
tors. With the increasing knowledge 
of the danger of radioactive material to 
biologic matter and with the knowledge 
that radiations can induce carcinoma of 
the skin, and radium, if lodged in the 
bones, will induce bone’ sarcomas 
(Martland (49)). attention became 
more and more centered on the radon 
content of the mines. Finally radon 
was considered as the sole cause of the 
cancer of the lungs of the miners. 
Isolated opinions were still voiced at 
that time about other possible causes. 
Dreyfus (57) in 1936 described two 
cases of carcinoma of the lungs in per- 
sons that as children had inhaled iron 
dust for 12 years, whereas other chil- 
dren in the same family not living in the 
atmosphere of dust were free from it. 
He pointed out that this finding may be 
of importance in the genesis of lung 
cancer inminers. Rostoski, Saupe, and 
Schmorl (7), later Déhnert (9). and 
Brandt (77) pointed out that an endo- 
genous factor may play a role. Evans 
and Goodman (23) after calculating the 
a-ray dosage for bone cancer and the 
a-Tay dosage to which the lungs of the 
miners are exposed to 4.6 r ergs per hour 
per gram of dry bone and to 0.17 erg per 
hour per gram of dry lung tissue, state: 
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Lung tissue appears to be about 25 times 
more susceptible to radiation than bone tissue 

. and we know that 4.6 and 0.17 erg units 
over extended exposures will produce cancer 
in bone and lung tissue respectively. 
Reports in the literature on cancer of 
the lung of workers in radium labora- 
tories seem to support this point of view. 
Neitzel (57) described two cases of car- 
cinoma of the lung in workers in radium 
laboratories. He also mentioned 
Léwy’s two cases of workers in the 
radium factory of Joachimsthal who 
died of cancer of the lung. The work- 
ers had never been employed in the 
mines. It is difficult to evaluate the 
significance of these isolated cases, as 
no statistics are available on the number 
of people engaged in work with radio- 
active substances. 


In the discussion of a paper by Maisin 
(52) in 1934, De Laet stated that in 
Belgium radium is prepared for almost 
the entire world and that no cancer of 
the lung had been observed in the 
radium plant in 12 years of his experi- 
ence. The workmen are literally cov- 
ered with dust and absorb it all the time 
especially by mouth. They are vellow 
from head to foot and will not wear 
masks. Maisin, in answering De Laet 
remarked that 12 years is not long 
enough to permit judgment. He be- 
lieved that some would eventually de- 
velop cancer. Tschelnitz (25) cited 
experiments in which people drank 
water containing 3.6 x 10° curies of 
radon daily for 2 months without ill 
effects. Lange (8) in 1935 stated that 
no cancer of the lung had been observed 
in workers in the radioactive bath of 
Oberschlema in Saxony, in which water 
containing from 1 x 10° to 2x 10° curies 
per liter is used. However, the radio- 
active baths had been used for only 8 
years. As proof that radon is not the 
cause of lung tumor Martland’s (49) 
investigations have been cited of the 
luminous-dial painters who developed 
only bone sarcoma although they ex- 
haled radon continuously. According 
to Evans and Goodman (5), 1 micro- 
gram of stored radium produces a con- 
centration of 1.1 x 10™ curies of radon 
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per liter of exhaled air. This concen- 
tration is too low to hav any possible 
effects on the lungs, even if the amount 
of stored radium is considerably higher. 
It may be seen, therefore, that there is 
no clear-cut evidence that radium or 
radon have ever induced lung cancer in 
man outside the mining district of 
Schneeberg and Joachimsthal. 

Little is known of nonmalignant 
damage to lung tissue by radioactive 
substances. Doenecke and Belt (5-7) 
described the case of chemist in a 
luminous-paint factory who after 4 
years’ work died from almost complete 
fibrosis of the lungs. However, his 
blood picture and bone marrow were 
normal, and no radioactivity was found 
in the lung tissue. The chemist blamed 
inhalation of radon for his disease. 

On the other hand, damage to lung 
tissue by X or y radiation is well-known. 
The literature on this subject has been 
reviewed by Warren (54) and may be 
summarized as follows: The lungs 
should be classed as a moderately sensi- 
tive structure; heavy doses (1,000 to 
10,000 r) will cause transient radiation 
pneumonitis of a severity varying with 
dose. Severe necrosis of the lungs oc- 
curs 2 to 3 weeks after exposure from 
15,000 to 21,000 r (given in five or seven 
exposures) in rabbits. Fibrosis, often 
present, has not been established as a 
radiation effect independent of inter- 
current infection. There is a close 
parallel between the changes induced 
by these radiations in man and in ani- 
mals. There is no report in the litera- 
ture that carcinoma of the lung has been 
observed following radiation damage to 
the lung by X- or y rays. 

It can be argued that the biologic 
effects of a rays and X-rays are dif- 
ferent. Absorption of « rays or X-rays 
results in the formation of ion pairs, 
the total number of ion pairs per par- 
ticle being dependent on the energy of 
the particle and the energy necessary 
for the formation of an ion pair, ap- 
proximately the same for both radia- 
tions. Therefore, for equal absorbed 
energy there can exist only a quantita- 
tive difference in the biologic action of 


radiation if, for example, the time in 
which the dose is given is varied from 
one experiment to another. Assume an 
experiment in which per unit time the 
sume amount of either « radiation or 
X-rays is absorbed per unit volume, then 
the biologic effects must be identical. 
Blum (55) found that the tumor induc- 
iion time by ultraviolet radiation is in- 
dependent of the intensity for the same 
daily dose given 5 days every week to a 
certain lower limit. Below this limit 
of intensity the tumor induction time 
increases rapidly. In other words, be- 
yond a certain dilution of the dose the 
effectiveness of the agent decreases 
rapidly, no matter how long the agent 
is applied. The same holds true for 
other radiations, beyond a certain limit 
of intensity the biologic effects of radia- 
tions diminish for the same total dose. 
These limits of intensity are different 
for different radiations and probably 
are considerably lower for a rays than 
X-rays as the density of ion pairs along 
the path of an a@ particule is much 
greater than for the path of the second- 
ary electron produced by an X-ray pho- 
ton. Without this dilution effect of the 
dose, the establishment of a safety dose 
would be impossible. The safety dose 
for X-ray is 10° r per second, which 
corresponds to an absorbed energy per 
cubic centimeter of tissue per second 
of 10° erg; 10° erg per cubic centi- 
meter of tissue per second would be pro- 
duced by about 6 x 10°° gm. of radium 
per gram of tissue, which amounts to 
about 10 micrograms distributed in the 
bones of a man weighing 70 kg. It is 
known that this is above the radium 
deposits (up to several micrograms) 
found in man which will in some in- 
dividuals induce bone sarcoma. In cases 
of radium poisoning the radium is not 
distributed evenly. Evans (96, p. 
1022) states: 

The radioactive self-photographs of the 
bones of deceased victims show a lack of 
uniformity of distribution of radium. In 
some cases two or three small areas will 
be brilliantly self-photographic while the re- 
mainder of the bone will display only a mod- 
erate amount of fairly evenly distributed ra- 
diation. 
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This uneven distribution may well be 
the cause of the formation of bone sar- 
comas in spite of the small amount of 
total radium deposited. It should also 
be considered that in order to obtain a 
deposit of several micrograms in the 
bones, amounts up to several milligrams 
of radium may have to be taken. In the 
case of the luminous dial painters, this 
intake is distributed over many years. 
Therefore, it is difficult to compare the 
radium tolerance dose with that of the 
X-rays. 

the radon dose corresponding to the 
X-ray safety dose was calculated by 
Read and Mottram (34) to be approxi- 
mately 4.x 10°° curies per liter of inhaled 
air. They found, however, that a dose 
of 5 x 10° curies per liter was fatal to 
mice within 43 days and that a dose of 
1 x 10° was not fatal, a fact which indi- 
cated “that the tolerance concentration 
must be of the order of one hundred 
times smaller” than the dose calculated 
from the X-ray tolerance dose. This 
may indicate, contrary to X or y radia- 
tion. a much more far-reaching accu- 
mulation of the biologic effects of the 
a radiation; it may mean also that the 
radon is not uniformly distributed over 
the tissue but stays in greatest concen- 
tration in the blood. 

Summarizing, we find that large doses 
of X- or y rays to the lungs (doses in 
which the total absorbed energy was 
above 10° ergs per cubic centimeter 
of tissue (1,000 r in air)) have not pro- 
duced lung tumors. It seems, therefore, 
unlikely that the miners of Schneeberg 
or Joachimsthal exposed daily to a con- 
centration of radon of 3 x 10-° curies per 
liter for 20 years should develop lung 
cancer, as the total energy absorbed dur- 
ing that time per cubic centimeter of 
lung tissue amounted to only approxi- 


mately 1 x 10% ergs. The energy ab- 
sorbed in the lungs of the mice of Read 
and Mottram (34) during 161 days was 
of the same order of magnitude. No 
lung lesions were found in these mice. 
Certain strains of mice have a high sus- 
ceptibility to spontaneous lung tumors 
and others low, but generally the state- 
ment of Slye, Holmes, and Wells (57) 
holds : 

It seems that man exhibits lung tumors ex- 
ceptionally infrequently, and that mice show 
an even more exceptional prevalence of tu- 
mors of this organ. 

Evans states: 

It will be noted from these data that rats 
and mice are about 40 times as resistive as 
humans to lesions caused by a rays when all 
dosages are expressed in erg units. The 
extrapolation of the results of animal experi- 
ments tO man must recognize this great differ- 
ence in susceptibility. 

This statement seems not to be justi- 
fied as far as the effect of radon on lung 
tissue is concerned, 

The opinion that radon is the sole 
cause of the lung cancer of the miners 
therefore cannot be maintained. The 
contributing factors in the case of the 
miners which were already brought up 
in the different investigations discussed 
may include the following: Pneumo- 
coniosis produced by the dust in the 
mines, chronic irritation caused by 
respiratory diseases, arsenic, radioactive 
substances, and perhaps a hereditary 
susceptibility. The mines have been 
operated for hundreds of years. As 
frequently is the case in Europe, the 
occupation of the father is taken over 
by the son; the miners live in isolated 
places, and inbreeding often occurs. All 
these factors may lead to a hereditary 
susceptibility. However, no statistical 
evidence on this point has ever been 
collected. 
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RELATIONSHIP OF AMYLOID INFILTRATION AND RENAL 
DISEASE IN 
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INTRODUCTION 


All who work with certain inbred 
strains of mice are aware of the fre- 
quency with which amyioid infiltration 
and renal disease may develop in the 
older animals. There is, however, very 
little published on the spontaneous oc- 
currence of these conditions: and no 
record could be found which suggested 
a causative relation between amyloid 
infiltration and contracted or cystic 
kidneys. Yet these conditions need to 
be considered because they may affect 
many observations where inbred strains 
of mice are used; they are of interest 
in themselves, and they furnish exam- 
ples for the study of degenerative proc- 
esses which are little understood. In 
this paper, a form of spontaneous amy- 
loidosis, which occurs particularly in 
strain A mice, is described, and the role 
that amyloid deposition in the kidney 
plays in the pathogenesis of a charac- 
teristic renal lesion of this strain is con- 
sidered. Possible analogies to similar 
conditions in man are also pointed out. 

Many reports are available on the 
occurrence of amyloid in man. The in- 
filtration most often appears following 
some chronic suppurative process, par- 
ticularly where bone or cartilage is in- 
volved; but amyloid may be found as 
an idiopathic or primary process, when 
no preceding disease is recognized. 
There are a number of studies on the 
experimental production of amyloid in 
the mouse, but very little has been writ- 
ten regarding its spontaneous appear- 
ance. While the literature on human 
nephritis is voluminous and a varied 
etiology is recognized, our observations 
indicate that the majority of the renal 
lesions in certain strains of mice are 
associated with amyloid infiltration. 
For this and other reasons, they cannot 
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be compared with any common renal 
disease of man. 

Kuczynski (7) in 1922 suggested a 
method for the experimental produc- 
tion of amyloid in the mouse by the in- 
jection of sodium caseinate. This 
method was utilized by a number of 
later workers, among them Jaffé (2), 
Smetana (3), and Grayzel et al. (4), 
who gave detailed accounts of the early 
deposition of this substance, and the 
final production of a severe amyloidosis. 
Of most interest in connection with the 
renal disease of mice is the observation 
of Smetana that the first trace of amy- 
loid in the kidney was in the medulla 
near the papilla where it formed in the 
walls of the capillaries beneath the en- 
dothelial cells. The tubules later were 
surrounded by fine rims of amyloid and 
might finally be partly or entirely oc- 
cluded. The glomeruli were relatively 
little involved. Jaffé also observed that 
macroscopically the kidneys showed the 
picture of the third (contracted) stage 
of amyloid nephrosis and that the sur- 
face was covered with coarse granules 
consisting of distended tubuli. 

Kidney disease in mice was described 
briefly by Twort and Twort (5), who 
used the term “Klossiella nephritis” be- 
cause of the usual association of an 
altered kidney and infestation with 
Klossiella muris. Gorer (6) gave the 
most complete available report on kid- 
ney lesions in pure lines of mice. He 
described first a metaplasia of Bow- 
man’s capsule, which Crabtree (7) 
proved to be normal for the mouse and 
to vary with the sex of the animal. 
Gorer described also a “hyaline disease” 
of the glomerulus, which resembled an 
amyloid infiltration, and a “cystic dis- 
ease” of strain A mice that appears to be 
identical with the renal change so fre- 
quently found associated with amyloid 
infiltration in this strain. 
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MATERIAL 


The material consisted of necropsy 
records from two inbred strains of mice, 
A and C3H, and one group of hybrids. 
ABC, and microscopic sections from 
these animals. Both strains A and 
C3H are highly inbred and have been 
used extensively in cancer research. 
The hybrids were obtained from the 
Roscoe B. Jackson Memorial Labora- 
tory, Bar Harbor, Maine, and were re- 
ported to be produced by the backcross 
to strain A of F, hybrids from A times 
other strains. A large number of sec- 
tions, which had been fixed in Zenker- 
formol and stained with hematoxylin 
and eosin, were available from every 
animal. This material came from three 
different experiments which were in no 
way designed to demonstrate the devel- 
opment of amyloid: but since a number 
of both control and experimental ani- 
mals had arrived at an advanced age, 
sections from them furnished excellent 
material for a study of degenerative 
processes. No difference in incidence 
of amyloidosis or renal disease was ob- 
served between the control and experi- 
mental groups. For this reason, the 
pathologie changes may be considered 
as of spontaneous occurrence. 

The animals had received routine care 
and the usual diet. The sexes were 
about equally divided in strain A and 
the younger strain C3H animals. The 
11 old strain C3H mice and all ABC 
hybrids were males. The type of 
mouse, number, ages, and the incidence 
of amyloid infiltration and renal dis- 
ease are shown in table 1. 

That amyloid infiltration generally 
precedes a characteristic renal disease 
is evident from table 1. Their incid- 
ence was closely parallel, amyloid in- 
filtration appearing first. Only two 
strain A mice were noted with renal 
lesions in which amyloid could not be 
found in available sections. Among 
the ABC hybrids, many showed a severe 
degree of amyloidosis, and it was in this 
group that renal changes were found. 
The amyloid and renal changes reported 
in two strain C3H mice were minimum 


Tasie 1.—J/ncidence of amyloid and renal 
disease in mice 





Number of mice 
showing— 


Num- 

Type of mouse _ ber of Age Both 
— Amy- Renal oid ond 

loid disease renal 

disease 

Months 

— f 2 8-12 8 2 2 
Strain A i \ 6 12-16 1 3 $1 
Hybrid ABC Sl 18-21 61 2H un 
| 122 8-12 l l 0 
Strain C3H 17 12-15 0 0 0 
| ll 16-18 0 0 0 





in degree and consisted of a single mass 
of amyloid in the endometrium and a 
small patch of interstitial scarring in 
the kidney. 

Special stains for amyloid were made 
on formalin-fixed, frozen seetions of 
tissue from old strain A mice suspected 
of having amyloid deposits. Iodine 
staining was usually negative, but in a 
few sections from the duodenum a deep- 
blue color developed after treatment 
with iodine and sulfuric acid. Methyl 
violet produced no metachromatic stain- 
ing, but the suspected deposits took an 
intense bluish-purple color and stood 
out clearly from the lightly stained 
background. Congo-red staining gave a 
reddish-orange color which differenti- 
ated this material from other substances 
in the section. The English observers 
(Twort and Twort (4) and Gorer (4) ) 
objected to calling this substance amy- 
loid because of this variable staining. 
Amyloid in man is known to vary 
markedly in its staining behavior, and 
Hass. Huntington, and Krumdieck (8) 
observed that amyloid from the horse 
and rabbit gave the iodine reaction 
poorly. Whatever the actual nature of 
these deposits in the mouse may be, they 
are analogous to if not identical with 
amyloid, and this is the term used by 
American authors (Jaffé (2). Smetana 
(2), Grayzel et al. (4), and Wells (9)). 

MICROSCOPIC OBSERVATIONS 

Adequate descriptions of the appear- 
ance of amyloid when produced experi- 
mentally in mice have been given, but 
no special report on its spontaneous oc- 
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currence in laboratory mice has been 
found. Wells (9, p. 47.2) stated that he 
often observed it in the Slye mice, both 
in those with and without cancer, to a 
degree far beyond that ever described 
in human bodies, and that the readiness 
with which mice developed amyloidosis 
when not subjected to any experimenial 
procedure threw doubt on the results 
obtained with them in the experimental 
production. The spontaneous disease 
seems to differ in certain important re- 
spects from the experimental and _ re- 
sembles in some particulars primary 
amyloidosis of man recently reviewed 
by Koletsky and Stecher (77). In the 
primary amyloidosis of man, the amy- 
loid is found in mesodermal tissues, 
smooth and skeletal muscle, the cardio- 
vascular system, and the gastrointestinal 
tract; whereas in secondary amyloidosis 
the organs usually affected are the 
spleen and liver. However, much over- 
lapping in the two conditions may oc- 
cur. In experimental amyloid of mice 
an early “crystalline” form is described, 
but this was not seen in our mice with 
spontaneous amyloidosis, and the infil- 
tration was recognized as a homogene- 
ous hyaline substance lightly stained 
with eosin. Involvement of the spleen 
and liver was seldom extensive. The 
areas in which the deposit was especially 
frequent are described herein. 

The earliest and heaviest deposits of 
amyloid were usually found in the in- 
terstitial tissue of Brunner’s glands in 
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the duodenum (fig. 1). The submuco- 
sal tissue of the limiting ridge which 
separates the forestomach from the 
glandular stomach in the mouse was 
also a frequent site, even when other 
areas were unaffected. Infiltration in 
the colon was common, and the intes- 
tinal villi sometimes appeared like amy- 
loid cores covered with mucosa. 

Patchy areas of amyloid were fre- 
quent in the heart; and the larger pul- 
monary veins, which in the mouse are 
invested with myocardial fibers, often 
showed infiltration. 

The veins, as just mentioned, often 
showed infiltration, but other parts of 
the lungs were usually free, except for 
occasional masses at the margins of the 
pulmonary lobes. Pulmonary tumors, 
which are frequent in strain A mice, 
sometimes showed a striking degree of 
infiltration, so that the histologic de- 
tails of these tumors were obscured by 
the amyloid deposits. Ewing (//, p. 
JV) recorded infiltrations of amyloid in 
human tumors. 

The other organs involved were the 
ovaries, testicles, adrenals, endometrial 
stroma, and skin. The deposit in the 
adrenal appeared to be on and around 
cells (fig. 2) and not interstitial, a point 
of amyloid deposition in man recently 
emphasized by Peters (72). In ad- 
vanced cases, nearly every organ and 
tissue showed some deposits. 

Amyloid infiltration in the kidney is 
described in the section following. 
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RENAL LESIONS 


The changes in strain A mice followed 
au remarkably uniform pattern. They 
are described in detail herein, and modi- 
fications that appeared in other strains 
are noted. 

The moderately advanced condition 
had many features resembling chronic 
or healed pyelonephritis of man. The 
glomeruli were generally unaltered; 
while an interstitial inflammatory re- 
action, colloid casts, periglomerular 
fibrosis, and exudate within the tubules, 
as mentioned by Weiss and Parker (72) 
in their description of human pyelone- 
phritis, were usually found. The earli- 
est microscopic change observed was a 
deposit of an amorphous, faintly acido- 
philic substance in the interstitial tissue 
between the collecting tubules of the 
papilla (fig. 3). This substance could 
be stained with Congo red, and the 
localization was similar to that given by 
Smetana (3) for amyloid. The next 
stage was necrosis of the tip of the pa- 
pilla, similar to that described by Gorer 
(4), which may have resulted from 
interference with the blood supply in 
the long slender papilla of the kidney 
(fig. 4). The line of demarcation be- 


ees, 
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FIGURE 2.—Anmyloid in the cortex of adrenal. 
The deposit appears to be on and around 
cells. XX 150. 


tween the necrotic and living tissue was 
usually sharp, and ealeium deposits 
often occurred, making a distinct cal- 
cium line (fig. 5, 4 and B). This ne- 
crotic tip was often sloughed off, an ap- 
parent dilatation of the pelvis devel- 
oped, and the truncated base was some- 





Figure 3.—Amyloid deposit in snails of kidney, a stage preceding necrosis. X 70. 
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FIGURE 4. 


from a mouse 20 months old. 


times partially covered by pelvic epithe- 
lium (fig. 6, A and B). Calcification is 
not observed as a frequent complication 
of amyloidosis in man, and the calcium 
dleposit here appeared to be distinct 
from the amyloid infiltration at the 
margin of necrotic tissue. No obstruc- 
tions were found in the lower urinary 
tract, and the ureters did not appear 
thickened or dilated. 

Changes in the cortex developed con- 
currently with the obstruction in the 
medulla. The convoluted tubules in 
well-delimited segments appeared first 
to be slightly and uniformly dilated, 
and at this time the surface of the kid- 
ney appeared to be mottled with light- 
brown translucent areas. The dilated 
tubules often contained an exudate of 
inflammatory cells, and it was not un- 
usual to find multiple abscesses in the 


Progression of the lesion in the papilla. 
tirst three kidneys are from strain A mice 


Upper left 
12 months old, and the lower right kidney is 


kidney is normal. The 


interstitial tissue at the time of death. 
It is not possible at present to say 


‘whether a stage of acute pyelonephri- 


tis with healing was necessary for the 
development of the final picture or 
whether the anatomical features of a 
healed or chronic pyelonephritis may 
have occurred without a definite acute 
stage. The most frequent condition of 
the tubules of the cortex in a moderately 
advanced stage was an apparent meta- 
plasia in which a low columnar epithe- 
lium with rather basophilic cells re- 
placed the acidophilic pyramidal cells 
of the normal proximal and distal con- 
voluted tubules (fig. 7). Many of the 
tubules contained colloid casts, and 
thyroidlike areas could be found, a find- 
ing which Weiss and Parker (72) con- 
sidered to be characteristic of healed or 
chronic pyelonephritis of the human 
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B G: 
Figure 5.—A, Calcium deposited in papilla of kidney at line of necrosis. > 70; B. Early necrosis 
of tip of papilla of kidney, showing areas of contraction and dilatation of tubules. x 12. 
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FIGURE 6.—A, Necrotie tip of papilla forming a slough in the kidney pelvis; B, 
tase of papilla partly covered by pelvic epithelium. Amyloid deposits can be 
seen above masses of calcium X 70. 
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Figure 7.—Areas of tubular dilatation, apparent metaplasia, atrophy, and interstitial fibrosis 
in the cortex. xX 30. 


kidney (fig. 8). Interstitial fibrosis 
was apparent, and the kidney surface, 
on gross inspection appeared coarsely 
scarred (fig. 9). In the advanced stage, 
multiple large cystic dilatations often 
occurred in the cortex (fig. 10). Some 
of them appeared to originate as dilata- 
tions of Bowman’s space, and the glome- 
rulus could often be recognized in the 
smaller cysts, while a serous or mucoid 





Picture 8.—Thyroidlike area containing colloid 
casts. & 150. 


fluid was found in the larger ones (fig. 
11). This last feature appears to be 
peculiar to the mouse, and it may be 
owing to an anatomical difference in 
the species. The renal vessels showed no 
characteristic change; and although 
heavy lymphocytic infiltrations were 
often found in the larger arteries in 
early stages, the condition is observed 
so frequently in mice of many strains 
that no significance was attached to it. 

No measurements of the heart were 
made; and no microscopic myocardial 
change accompanying the renal lesions 
was recognized, although myocardial 
amyloid infiltration was usual and may 
have obscured other changes. In ad- 
vanced stages, both the kidney and the 
liver appeared pale and brown; the gen- 
eral condition of the animals was poor. 

The renal lesion in the ABC hybrids 
was generally similar, except that amy- 
loid infiltration of the interstitial tissue 
of the papilla was more extensive, and 
necrosis and calcification near the tip 
of the papilla were less frequently ob- 
served. Interstitial deposits of amyloid 
in the cortex were also seen more fre- 
quently, and in a few instances a marked 
amyloid infiltration was observed in the 
glomeruli. 





Fict 
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Figure 9.—Progression of the renal lesion. The upper three specimens are from strain A mice 
12 months old; the lower three, from mice, 20 months old, show the cystic stage. x 3. 





Figure 10.—Cystiec stage of renal disease. X 12. 
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Figure 11.—Cysts arising from Bowman's 
space. X 150. 


From the data in table 1, spontaneous 
amyloidosis and kidney disease appear 
to be infrequent in strain C3H mice. For 
additional data, the necropsy records of 
animals, which had been entered as amy- 
loidosis or rg in the pathology- 
record file at the National Cancer Insti- 
tute, were looked over, and many of the 
slides were examined. Observations 
from such material are naturally diffi- 
cult to evaluate, but only three instances 
of associated amyloid and renal disease 
were noted in strain C3H animals that 
had not been subjected to experimental 
procedures. On the other hand, amy- 
loid infiltration of the spleen and other 
organs was frequent in animals that had 
received repeated parenteral injections 
of a variety of substances, many of them 
carcinogenic. This amyloidosis was 
sometimes ace ompanied by a typical 
“strain A nephritis,” but acute inflam- 
matory conditions of the kidney and 
other histologic changes were also en- 
countered in this unselected group of 
strain C3H animals. The youngest mice 
showing amyloidosis were 3 to 6 months 
old and had been inoculated with a rap- 
idly growing sarcoma in which much 
necrosis and inflammatory exudate were 


present. Although no definite state- 
ments regarding material of this type 
can be made, it would appear that strain 
C3H mice can develop amyloidosis read- 
ily under certain experimental condi- 
tions and that such development may be 
followed by renal lesions. However, the 
spontaneous occurrence of the condi- 
tions is rare in this strain. 


DISCUSSION 


As yet no satisfactory name has been 
adopted for this kidney lesion. Twort 
and Twort (5) believed that most of 
the renal damage in mice is caused by 
infestation by A/lossiella muris and 
hence applied the term ‘“Klossiella 
nephritis” to a condition that appears 
to be similar to the disease found in 
strain A mice. 

Infestation with Klossiella has been 
infrequent in our mice, and this para- 
site was never encountered among the 
mice used (table 1). Kidneys from 122 
strain dba mice ranging from 6 to 14 
months of age, which were available 
from another experiment in our files, 
were examined. Kidneys of 21 of these 
mice contained Klossiella organisms, 
but only 1 showed an interstitial ne- 
phritis and amyloid deposit in the glo- 
meruli. The usual change was a gen- 
eralized dilatation of the tubules, which 
were crowded with the parasite, and an 
enlargement rather than a contraction 
of the entire organ. The fact that this 
colony of animals has been kept sepa- 
rate from other stock animals may be 
the reason why the parasite has re- 
cently been found in this strain only. 

It is thought that the implication of 
Klossiella muris as the causative agent 
in the development of nephritis and the 
associated “hyaline disease” (amyloid) 
was a natural conclusion on the part of 
Twort and Twort, which may be ex- 
plained by the general infestation of 
their mice. However, since none of the 
parasites were found in our groups of 
mice, Klossiella nephritis is not an ac- 
ceptable diagnosis. 

Gorer (4) called the condition “cystic 
disease of Strain A mice.” The cyst 
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formation is a later, and probably not 
an inevitable stage in development, 
hence a more inclusive term is desirable. 
Terms used in the records at the Na- 
tional Cancer Institute have been 
“nephritis.” “glomerulonephritis,” and 
“pyelonephritis.” Nephritis is unsatis- 
factory because it includes other types 
of kidney damage; glomerulonephritis 
should not be applied to a condition 
where glomerular damage is at a mini- 
mum; and while pyelonephritis sug- 
gests the similarity of the microscopic 
picture to that seen in the human dis- 
ease, this likewise is a misnomer since 
the involvement of the pelvis usually 
occurs in a local area after necrosis of 
the papilla. The nearest analogy to a 
kidney disease of man would probably 
be to amyloid contracted kidney, which 
is a relatively rare form of renal amy- 
loidosis. For these reasons, the name 
“papillonephritis” is suggested, because 
it emphasizes the involvement of the 
papilla and does not suggest an analogy 
to any clearly differentiated type of 
nephritis observed in man. 

The marked susceptibility of strain A 
mice and the apparent resistance of 
strain C3H to spontaneous amyloidosis 
are other instances where genetic fac- 
tors appear to determine susceptibility 
to disease. Gorer emphasized the fact 
that it was strain A which most often 
developed cystic disease of the kidney, 
and he considered that a genetic factor 
was probably responsible. Since our 
observations indicate that amyloid in- 
filtration of the papilla is responsible 
for the cyst formation in the kidney, it 
may be suggested that it is in the amy- 
loid infiltration preceding the nephritis 
that genetic factors are to be sought. 

The pathogenesis of this renal lesion, 
or papillonephritis, is thought to be 
as follows: In spontaneous amyloidosis, 
deposits in strain A mice tend to oceur 
frequently in the interstitial tissue be- 
tween the collecting tubules, which be- 
come partially or totally blocked: as a 


consequence, a histologic picture re- 
sembling pyelonephritis in man may re- 
sult. Mallory et al. (74) have shown 
that partial urinary obstruction is neces- 
sary for the experimental production of 
pyelonephritis in rabbits. If similar 
conditions exist in mice, we may suppose 
that after the obstruction produced by 
amyloid infiltration in the papilla, re- 
sulting changes such as atrophy and 
dilatation of the tubules will take place 
in the cortex. It is not known whether 
secondary inflammatory reactions are 
necessary to the development of the final 
stage, but evidences of infection are not 
infrequent. In the final stage, numerous 
cysts may be present in the cortex. 


SUMMARY 


Spontaneous amyloidosis is of fre- 
quent occurrence in certain inbred 
strains of mice. In its distribution it 
bears a resemblance to primary or idio- 
pathic amyloidosis of man, while ex- 
perimentally produced amyloidosis in 
mice resembles the secondary disease of 
man. 

Amyloid infiltration and a character- 
istic renal disease frequently occur to- 
gether in certain inbred strains of mice. 

Amyloidosis of other organs may oc- 
cur without the renal change, but renal 
change in an animal in which amyloid 
cannot be found is extremely rare. 

Amyloid deposits in the intertubular 
interstitial tissue of the papilla can be 
identified as the earliest lesion in the 
renal disease of strain A mice. This 
condition results in occlusion of the col- 
lecting tubules and produces the urinary 
obstruction which is an important fac- 
tor in the development of a histologic 
change resembling pyelonephritis of the 
human kidney. 

“Papillonephritis” is suggested as a 
name for this renal disease in mice, 
since it emphasizes the primary injury 
to the papilla and does not suggest a 
similarity to any common nephritis of 
man. 
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ESTERASE ACTIVITY OF BLOOD SERUM OF FOUR STRAINS 


OF 


MICE 


By MicHakEL B. SHIMKIN, surgeon, JESSE P. GREENSTEIN, senior biochemist, and Howarp B. 


ANDERVONT, principal biologist, National 
United States Public Health Service 
Biochemical differences or altera- 
tions that are correlated with the oc- 
currence of mammary tumors in mice 
are of obvious interest and importance 
as indications of changes in metabolism 
that may be related to carcinogenesis. 
Although the l*terature contains nu- 
merous reports describing such differ- 
ences between strains of inbred mice, 
work on a larger number of strains has 
revealed no constant correlations of this 
kind. An investigation of the serum 
esterase of several strains of mice was 
stimulated by recent reports (7, 2, 3) 
that the butyric esterase activity of the 
blood serum of C57 Black mice, which 
have a low incidence of mammary 
tumors, is strikingly lower than of mice 
of strains C3H and A, which have a 
high incidence of mammary tumors, 
and that the values were raised in C57 
Black animals and lowered in C3H mice 
that were reciprocally foster-nursed. 
At least three factors are involved 
in the occurrence of mammary tumors 
in mice: (1) Genetic susceptibility: 
(2) the milk factor: and (3) hormonal 
stimulation. A strain of mice may 
have a low incidence of mammary tu- 
mors because the milk factor is lacking 
and yet be genetically susceptible to the 
formation of mammary tumors. Thus, 
biochemical and other differences may 
be related either to genetic suscepti- 
bility or to the presence or absence of 
the milk factor. Differentiation of 
these factors is necessary in order to 
evaluate the results. 


EXPERIMENTAL PROCEDURE 


Male and female mice of strains C3H. 
C57 Black, C. and I, and descendants of 
C mice that had been foster-nursed by 
C3H females were obtained from the 
colonies maintained at the National 
Cancer Institute. The mice varied in 
age between 3 and 14 months. They 
were maintained on Purina dog chow 
and an unlimited supply of water. 


Cancer Institute, National Institute of Health, 


Blood was obtained from sectioned 
axillary and cervical blood vessels of 
unanesthetized animals. The serum was 
used within an hour. To 0.1 cc. of the 
serum were added 0.2 cc. of methyl 
butyrate and 5.0 ce. of phosphate buffer 
of pH 8.8. After incubation for 6 hours 
at 37.5° C., the system was titrated 
against 0.01 N potassium hydroxide 
with phenolphthalein as the indicator. 
The esterase activity of the blood serum 
was expressed in terms of cubic centi- 
meters of 0.01 N potassium hydroxide 
required to neutralize the acid liberated 
by 0.1 cc. of the serum. 

RESULTS 

The results are presented in table 1. 
The esterase activity of the serum of 
C57 Black mice was significantly lower 
than the serum esterase of C3H females. 
Another low-mammary-tumor strain, I, 
however, had a higher serum esterase 
than did strain C3H. Furthermore, C 
mice, with an incidence of 1 percent of 
mammary tumors, showed the same 
esterase activity as did descendants of 
C-mice that had been nursed by C3H 
females and that have continued to de- 
velop tumors of the breast in an in- 
cidence of over 70 percent. 

TaBLe 1.—Esterase (butyric) activity of 

nvouse serum 








2° ‘ 

a — =< 

= = = 

Strain and de- = 5 = Fo = 

scription of mice od E y + 

S3| < é = 

x (SE g z 7 

| < = 2 

Pct. Months No 

— ’ fF 0.5 3-4 10 5.8- 8.7) 6.7 
C57 Black \M /<1 344 8 5.7-8.1) 69 
- {F 91.4 3-5 12} 8.1-14.8) 11.4 
C3H (M 63.6 3-5 9 698.7) 7.9 
C3H, with tumors. F 6-12 8 4 -12.3) 7.6 
. iF 1.1 .3-6 8S 8.1-14.0) 10.2 
C--. iM) oO 9 10 8.2141) 10.9 
C, fostered by fF | 76.8 4-6 7| 7.3-13.0) 10.2 
C3H, Fiz 1M | 26.2 4-6 8) &.2-12.9) 10.5 
fF <i 12-14 5, 12.4-16.1) 14.4 
(M ? 7-8 5 12.5-17.7) 15.0 





| In males, when implanted with diethylstilbestrol pellets. 
2 In many instances, the serum of 2 mice was pooled. 
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The results, in relation to genetic sus- 
ceptibility and the presence or absence 
of the milk factor, are summarized in 
table 2. 


TaBie 2.—PEsterase activity of serum of four 
strains of mice 





Inci- 
Genetic dence of 
Mic: suscepti- Milk factor mam- pee sed 
bility mary : 
tumors 
CAT Black Low Absent 1 6.8 
I do do l 14.8 
Cs High do l 10. 5 
C fostered do Present 75 10.3 
C3H  — do 90 11.4 





The data indicate that in these mice 
the presence or absence of the milk fac- 
tor, or the degree of susceptibility was 
not correlated with the esterase activity 
of the blood serum. 

There are several minor differences in 
the technique employed by Khanolkar 
and Chitre (2) and in our experiment. 
Most of our animals were younger 
than 6 months. whereas theirs were 
older. In neither their data nor ours, 
however, was there evidence that the 
serum esterase was affected by the age 
ofthe animals. We obtained blood from 
unanesthetized animals, whereas Khan- 
olkar and Chitre bled mice from the 
portal vein after killing them with 


chloroform. The possible effect of dif- 
ference in diet is unknown; Khanolkar 
and Chitre (2) suggest that a change 
from fresh whole milk to meat and 
vegetable oils in the diet reduced the 
liver esterase in their animals. In the 
matter of esterase determinations, 
Khanolkar and Chitre state that “a few 
drops” of ethyl butyrate were used (2). 
We employed 0.2 cc. of methyl butyrate, 
since ethyl butyrate is less soluble. 
There is no obvious reason to suppose 
that these deviations in technique al- 
tered the essential results. 

The esterase activity of. the serum of 
C3H males was lower than that of C3H 
females, only two of nine values for the 
males being at the lowest range of the 
values for the females. The significance 
of these results is not established. Of 
nine C3H females with. mammary tu- 
mors, six had esterase values below the 
range for normal females. A decrease 
in serum esterase activity in tumor- 
bearing animals has been reported (4). 
The mice were in good condition, but 
the tumors, although not externally ul- 
cerated, were large, measuring up to 20 
by 20 mm. in diameter. 

The level of blood-serum esterase ac- 
tivity in four strains of mice was not 
correlated with the incidence of mam- 
mary tumors in the animals. 
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ESTERASE (BUTYRIC ESTERASE) 
NEOPLASTIC TISSUES OF THE MOUSE 


ACTIVITY OF NORMAL AND 


By JESSE P. GREENSTEIN, senior biochemist, National Cancer Institute, National Institute of 
Health, United States Public Health Service 


Among the enzyme systems in normal 
and in neoplastic tissues investigated in 
the series of studies from this labora- 
tory. there have been systems which 
catalyzed transformations of amino 
acids (7, 2). of carbohydrate (3), of 
phosphate esters (4, 9), of hydrogen 
peroxide (9,4), of protein (7), of purine 
bases (3. 4). of nucleic acids (5.6). and 
ot cytochrome (8). An important class 
of substrate not investigated thus far 
has been the fats. A study has there- 
fore been made of the esterase activity of 
a number of normal and neoplastic tis- 
sues of the mouse. using methyl butyrate 
as the substrate. 


EXPERIMENTAL PROCEDURE 


The esterase activity of the various 
tissues was determined upon extracts of 
the tissues prepared by grinding 
weighed amounts of tissues removed 
from the freshly killed mice with three 
times the amount of distilled water in 
the presence of washed sand.!| The sus- 
pensions were allowed to stand for 18 
hours in the ice box and were then cen- 
trifuged for a few minutes at 1.500 
r. p.m. The clear supernatant fluid 
served as the source of the esterase. One 
cubic centimeter of the extract was thus 
roughly equivalent to 300 mg. of wet 
tissues, 

1The tumors were donated for this study by the 
members of the staff of this Institute: hepatomas 
7A/77 and SST in A mice by Dr. Eschenbrenner ; 
hepatoma A in C3H mice, the spontaneous mam- 
mary tumor in C3H mice, and the intestinal adeno- 
carcinoma in A mice by Dr. Thompson: lung 
tumor F in A mice and S37 and CRIS0 in dba 
mice by Dr. Andervont; the melanomas in dba 
and in C mice by Dr. Algire: the primary methyl- 
cholanthrene-induced tumor in LAF mice by Dr. 
Shear: the salivary-gland tumor in C mice by Dr. 
Dalton; and the squamous-cell carcinoma in A 


mice, the spindle-cel] sarcoma in C3H mice, and 
the lymphoma 163 in C3H mice by Dr. Dunn. 


The determinations were made as 
follows: One cubic centimeter of the 
extract was treated with 1 ce. of phos- 
phate buffer at pH 7.2 and 0.5 ce. 
of methyl-n-butyrate. Simultaneously, 
similar digests were prepared contain- 
ing tissue extract diluted successively 
by half (with distilled water), by one- 
quarter, by one-eighth, etc. The series 
of dilutions were employed for the 
reasons stated in earlier papers (J, 4), 
namely, because the maximum effect of 
the enzyme elicited in any one of the 
tissues was not known beforehand. 
The digests were allowed to incubate 
for 2 hours at 37° C. Controls of the 
tissue extracts alone and of the sub- 
strate alone were run simultaneously. 

At the end of the 2-hour incubation 
period, 5 ce. of 95 percent alcohol was 
added to each digest with shaking. 
The tubes containing the alcoholic mix- 
ture were centrifuged for a few minutes 
at 1.500 r. p. m., and the supernatant 
fluid was separated. A drop of 1 per- 
cent phenolphthalein was added to the 
supernatant of each tube and the mix- 
ture titrated with 0.1 N alcholic potas- 
sium hydroxide (90 percent alcohol). 
The alkali neutralized the ‘butyric acid 
formed from the hydrolysis of the 
methyl butyrate. Duplicate determin- 
ations agreed within 10 percent. 

Normal tissues were obtained from 
strain C3H, A, and dba mice, as well 
as from a hybrid Swiss group. No 
strain differences were apparent. All 
the tumors were transplants, with the 
exception of the primary tumor induced 
by administration of methylcholan- 
threne. 

The data are given in table 1. 
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TaBLe 1.—Esterase activity of normal and Taste 1.—Esterase activity of normal and 
neoplastic mouse tissues neoplastic mouse tissues '—Continued 
O.1N O1N 
Tissue alcoholic Tissue alcoholic 
Tissue weight in potassium Qs Tissue weight in potassium Q: 
extract ? hydroxide extract? hydroxide 
consumed consumed’ 
Milligrams Milligrams 
per cubic Cubic per cubic Cubic 
Normal tissues centimeter centimeters 104 Normal tissues 5—Con centimeter centimeters x 104 
leart 300 0.4 13 Gastric mucosa 300 1.3 43 
1M) 2 13 150 7 46 
75 1 13 75 4 53 
38 0 38 2 52 
Average 13 Average 48 
Skeletal musck 300 4 13 Lymph nodes 300 7 23 
150 2 13 150 4 26 
75 1 13 75 2 27 
Stal 0 38 0 
Average 13 Average 25 
Spleen 30) 3.1 103 Thymus.... 300 1 3 
150 1.5 100 150 0 
75 9 120 75 0 
38 4 105 38 0 
19 2 105 
i) 1 111 Skin 300 1 3 
150 0 
Average 10S 75 0 
38 0 
Brain 300) 2 7 " 
1) 1 7 Neoplastic 
75 0 Hepatoma 7A 77 * 30) 3.6 
3S 0 15O 3.0 200 
75 1.6 212 
Average 7 38 s 210 
Liver 300 4.3 Average 207 
1”) 3.6 
75 2.9 386 
38 1.5 394 Hepatoma 587 * 300 3.0 100 
19 s 421 1s 1.5 100 
y 4 444 75 8 106 
{Ny 4 105 
Average 411 
Average 103 
Kidney 300 3.0 100 
150 1.6 106) Hepatoma A * 300 3.2 
75 uy 120 150 
38 4 105 75 1.2 160 
19 2 105 38 7 184 
u l 111 - 
Average 172 
A verage 108 
Melanotic melanoma 300 9 0) 
Lung 300 1.9 63 150 { mH 
1”) 1.0 iH 7 2 % 
75 0 tH 38 0 
38 3 78 insninnaien 
~ Average 27 
Average 6s 
Amelanotic melano- 300 1.0 33 
Intestinal mucosa. 300 4.3 ma, 150 $ 26 
1) 4.1 75 2 2th 
75 3.9 38 1 26 
38 3.7 973 - 
19 1.8 945 Average 27 
y 4 1, 000 — 
— Spontaneous mam- 300 8 27 
Average 903 mary carcinoma 150 { 26 
75 2 26 
Pancreas 300 6.6 38 1 m, 
1») 6.6 . - 
75 5.0 Average 26 
38 3.9 we 
19 3.2 Lung tumor F 300 2 6 
9 1.6 1) 0 
4 s 75 0 
38 0 
Average 1, 820 
x = 


See footnotes at end of table. 


TABI 


Neopk 
Sa 


$3; 


CE 


Sq 


A 


—— 


Ineu 
phate b 
incubat 

? Tiss 


5 Fror 
Strains ¢ 
® Prin 
tetrach] 
? Prin 
* Prin 
5-azotoh 


At 
activ 
dilut: 
tracts 





ESTERASE ACTIVITY OF NORMAL AND NEOPLASTIC TISSUES 33 


TABLE 1.—Esterase activity of normal and 
neoplastic mouse tissues '—Continued 





O1N 
Tissue alcoholic 
Tissue weight in potassium Q! 
extract 2 hydroxide 


consumed 3 


Mil/igrams 


per cubic Cuhic 
Neoplastic—Continued centimeter centimeters x 19 
Salivary gland tumor 300 04 13 
150 2 13 
75 0 
38 0 
Average 13 
Primary methylcho- 300 2 6 
lanthrene-induced 150 1 6 
sarcoma. 75 0 
38 0 
Average 6 
$37. 300) 2 6 
150 0 
75 0 
38 0 
C R180 300 2 6 
150 0 
75 0 
38 0 
Squamous cell carci- 300 7 23 
noma of stomach 1 3 x) 
75 1 lt 
38 0 
A veragt 19 
Intestinal adenocar- 300 3 10 
cinoma 150 2 12 
75 0 
ts 0 
Average ll 
Spindle-cell sarcoma 300 2 t 
150 0 
75 0 
35 0 
Lymphoma 163 300) 3 10 
150 1 7 
75 0 
3s 0 
Average & 





Incubation mixtures made up of 1 ec. extract+1 ce. phos- 
phate buffer at pH 7.2+0.5 cc. methyl-n-butyrate. Time of 
incubation, 2 hours 

? Tissue weight refers to wet weight 

° Corrected for blanks. 

*Q=Corrected cubic centimeters 0.1 alcoholic potassium 
hydroxide consumed in 2 hours 
Milligrams per cubic centimeter 

From C3H, dba, and Swiss mice. Tumors are from 
strains of mice listed in footnote 1 of the text. 

* Primary tumor had been induced by injection of carbon 
tetrachloride. 
* Primary tumor had been spontaneous. 


is Primary tumor had been induced by injection of 2-amino- 
5-azotoluene. 


At the higher dilutions of the more 
active tissue extracts and at the lower 
dilutions of the less active tissue ex- 
tracts there appears to be a linear rela- 
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tion between dilution and alkali con- 
sumed. It is possible to formulate this 
relation as follows: 

Corrected eubic centimeters O.1 N alhoholic 

= potassium hydroxide consumed in 2 hours 

Milligrams per cubic centimeter tissue “on, - 
The average values of Q are given in 
table 1, and it is clear that a fairly con- 
sistent group of values is given for each 
tissue within certain limits of concen- 
tration. The failure of the relation to 
hold for the more active tissues at high 
concentrations is very likely to be at- 
tributed to the inactivation of the 
enzyme by the acid formed from the 
ester hydrolysis. At low extract con- 
centrations of the less active tissues, the 
acid formed was so slight, the experi- 
mental error consequently so high, that 
no attempt could be made to apply the 
above relation. 

Equation 1 is similar to that observed 
to hold for the action of phosphatase in 
various normal and neoplastic tissues 
(4). 


DISCUSSION 


The order of decreasing esterase ac- 
tivity per milligram of tissue in the 
various normal mouse tissues was as fol- 
lows: pancreas, intestinal mucosa, liver, 
kidney or spleen, lung, gastric mucosa, 
lymph nodes, heart or skeletal muscle, 
brain, and thymus or skin. The activ- 
ity, in terms of Q (table 1) ranged from 
1.820 for pancreas to 3 for thymus or 
skin. 

With one exception, the mouse tumors 
had a rather low order of esterase activ- 
ity. The exception concerned the 
transplanted hepatomas (table 1). The 
activity among the group of tumors 
studied ranged from a Q value of 207 
for hepatoma 7A/77 to a Q value of 6 
for several of the tumors. The range 
among the normal tissues was, as often 
observed before (5), considerably 
greater than among a group of tumors 
of the same species of animal. 

Comparison of the homologous tissues 
is of some interest. Although the Q 
values of the hepatomas were all lower 
than that of normal liver, the drop in 
esterase activity when the mouse liver 
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cell became neoplastic was not so great 
as in the case of the intestinal mucosa. 
The Q value of the latter tissue was 
973, that of the intestinal adenocarcin- 
oma 11 (table 1). The change of the 
mucosa into the adenocarcinoma was ac- 
companied by a greater change in the 
esterase content than that observed in 
the change of the liver cells into the 
hepatoma. The normal lymph nodes 
possessed a relatively low esterase ac- 
tivity; when these nodes became neo- 
plastic, there was a decrease to about a 
third in the activity of this enzyme. 

The etiology of the three hepatomas 
described in table 1 was different. The 
esterase activity was, however, of the 
same order of magnitude for all three 
tumors. 





SUMMARY 


The esterase activity of 13 normal 
and of 15 neoplastic tissues of the mouse 
was determined at various dilutions of 
the tissue extracts. At higher dilutions 
of the active tissues and lower dilutions 
of the less active tissues, a linear rela- 
tion between activity and concentration 
of tissue was apparent. The range in 
activity among the normal tissues stud- 
ied was far greater than among the 
tumors. The activity of the hepatomas 
and intestinal adenocarcinoma was con- 
siderably less than that of the respective 
normal tissues of origin of these tumors, 
namely, liver and intestinal mucosa, but 
the difference between liver and hepa- 
toma was less than the difference be- 
tween intestinal mucosa and the adeno- 
carcinoma, 
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COMPARATIVE OXIDASE 


ACTIVITY OF 


MELANOTIC AND 


AMELANOTIC MELANOMAS? 


By Jesse P. GREENSTEIN, 
National Cancer Institute, 
Nervice 


It has long been known that mela- 
nomas may or may not contain the 
melanin pigment. The formation of 
the pigment in the melanotic Harding- 
Passey tumor in mice has been shown 
to be due in part to the presence of the 
enzymes tyrosinase and dopa oxidase 
(1). Suspensions of this tumor cataly- 
tically oxidize tyrosine and dihydroxy- 
phenylalanine (dopa) to melanin with 
the uptake of five and of four atoms of 
oxygen, respectively. Are the amela- 
notice tumors lacking in the pigment 
because these enzymes are absent or are 
the latter present and nonfunctioning 
because of some lack of availability of 
the substrates? The attempt to find an 
answer to these questions forms the 
basis of the present investigation. 


EXPERIMENTAL PROCEDURE 


For the best comparison between 
melanotic and amelanotic tumors, it 
was desirable to conduct the studies on 
material arising from a single source. 
For this purpose, therefore, the pig- 
mented and the nonpigmented portions 
of the transplanted mouse melanoma 
S91 were employed. The character- 
istics of this tumor will be described in 
the paper by Algire. It needs to be 
stated here only that the amelanc ic 
portions of the transplanted tumor ap- 
pear on the periphery of the latter and 
must be carefully dissected from the 
melanotic portion. The amelanotic 
portion is not completely free of pig- 
ment, its color is a grayish white, but 
the difference between this and the 
black-colored melanotic portion is suf- 
ficiently striking so that comparisons 
may be made with confidence. C and 
dba strains of mice were used, but no 
differences in the results obtained were 
observed between the two strains. For 
further comparison, the transplanted 
Harding-Passey pigmented melanoma 
in C strain mice was studied; little if 
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any difference in the results obtained 
was observed between this tumor and 
the pigmented S91 melanoma. 

The animals were killed by neck dis- 
location and the tumors removed im- 
mediately. The tissues were ground 
with sand in a glass mortar and homog- 
enized with four times the amount of 
phosphate buffer. This suspension, 
poured from the sand, formed the source 
of the tyrosinase and dopa oxidase en- 
zymes investigated. Each cubic centi- 
meter of the suspension contained 
roughly 250 mg. of tissue. 

Tyrosinase and dopa oxidase activi- 
ties were measured by adding to a War- 
burg flask 1 cc. of the tissue suspension 
homogenized in phosphate buffer at pH 
6.5 and 2 cc. of the buffer at this pH. 
In the side arm of the flask was placed 
0.5 ce. of an aqueous solution of tyro- 
sine (0.01M) or of dihydroxypheny]l- 
alanine (0.01M.). Appropriate blanks 
were likewise run on the suspension 
alone, and on each of the substrates. 
These gave a negligible uptake of oxy- 
gen. The effect of KCN (0.01 M) on 
the activity of tyrosinase and of dopa 
oxidase was observed by substituting 1 
ce. of the cyanide solution for 1 ce. of 
the buffer. The flasks after attachment 
to the single manometers were shaken 
in the bath at 38° C. for 15 minutes, the 
flasks were tipped and the manometers 
closed, and the oxygen uptake was 
measured every 5 minutes over a 2-hour 
period. 

The activity of cytochrome oxidase 
was measured on tumor suspensions 
equivalent to 100 mg. of tissue per cubic 
centimeter of phosphate buffer at pH 
7.2. The mixtures were made by add- 
ing 1 ee. of the suspension to 1 cc. of 
buffer at pH 7.2 and 1 ce. of cytochrome 
e solution (1 x 10*M); in the side arm 
of the flask was placed 0.3 cc. of p- 
~ 1 The growth and pathology of the melanoma will 
be described by Algire in a subsequent issue of the 
Journal. 
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F.ictre 1.—Curves 1, 2, 3, Data on the amela- 
notice melanoma S091 suspensions treated re- 
spectively with tyrosine (pH 6.5), dihy- 
droxyphenylalanine (pH 65), and p-phenyl- 
enediamine (pH 7.2) ; curve 4, Data on the 
melanotic melanoma suspensions (S91 or 
Harding-Passey) in buffer and treated with 
p-phenylenediamine (pH 7.2); curve 4’, 
same as curve 4, except that 1 ce. of 0.01 M 
KCN was added in place of 1 ce. buffer; 
curve 5, Data on the melanotic melanoma 
suspensions (S91 and Harding-Passey) in 
buffer treated with tyrosine (pH 6.5): 
curve 6, data on the melanotic melanoma 
suspensions (S91 and Harding-Passey) in 
bufter with dihydroxyphenylalanine (pH 
6.5); curve 7, data on the amelanotic mela- 
noma suspensions S91 treated with 
p-phenylenediamine and excess cytochrome 
« (pH 7.2); curve 8. data on the melanotic 
mekinoma suspensions (S91 and Harding- 
Passey, treated with p-phenylenediamine 
und excess cytochrome ¢ (pH 7.2). 

Note: No observable uptake of oxygen by 
the tyrosine, dihydroxyphenylalanine, or 
p-phenylenediamine, or by any of the tissue 
suspensions alone in buffer or in KCN, or by 
the tissues treated with tyrosine and dihy- 
droxyphenylalanine in the presence of KCN, 
or by the amelanotic melanoma in the presence 
of p-phenylenediamine and KCN. 


phenylenediamine (0.2 M). In order 
to calculate the activity of the cyto- 
chrome oxidase, the effect of the autoxi- 
dizable components in the tissue was 
subtracted from the total oxygen up- 
take; this was accomplished by substi- 
tuting 1 ec. of KCN solution (0.01 M) 
for the 1 cc. of cytochrome ce. The cyto- 
chrome oxidase activity is thus given 
by the expression : 
Cubic millimeters 02 (wih cytochrome c) — 
Qe= Cubic millimeters 02 (with KCN) 
Milligrams wet tissue X hours 


After mixing the contents of the flasks 
with that of the side arm, the uptake 
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of oxygen was measured every 5 min- 
utes for a 20-minute period. During 
the period the oxygen uptake was linear 
with time. 

The mixture of the melanotic tumor 
suspensions with KCN and p-phenyl- 
enediamine gave the rather surprising 
result of a significant absorption of 
oxygen, amounting roughly to 20 per- 
cent of the absorption when the KCN 
was replaced by cytochrome c. It was 
considered desirable to extend this ob- 
servation further, and consequently 
longer periods of incubation were 
studied of mixtures of the tumor sus- 
pensions in the presence of p-phenylene- 
diamine both with and without the pres- 
ence of KCN. These mixtures were 
composed throughout of 1 ec. of the 
suspension in buffer of pH 7.2, plus 1 ce. 
of buffer at this pH, plus either 1 cc. 
of buffer or 1 cc. of KCN solution (0.01 
M): in the side arm was 0.3 ce. of p- 
phenylenediamine solution (0.2 M). 
The temperature throughout was 38° C. 

All determinations described herein 
were run in duplicate on several batches 
of each kind of tumor. The results of 
the duplicate determinations were in- 
variably within 5 percent of each other: 
the results of different batches of the 
same tumor agreed with each other 
within the range of +10 percent. The 
representative data are graphically de- 
scribed in figure 1. 


RESULTS 
TYROSINASE AND DOPA OXIDASE 

The curves in figure 1 reveal that the 
pigmented or melanotic melanomas, 
whether the Harding-Passey or the S91 
tumor, yield active preparations of the 
two enzymes, tyrosinase and dopa oxi- 
dase (curves 5 and 6). The amount of 
dihydroxyphenylalanine used per flask 
would require about 220 mm.’ of oxygen 
for its oxidation if four atoms of oxygen 
were utilized for the conversion of this 
substrate to melanin (/). Curve 6 shows 
that this value is indeed approached. 
The period of observation was not suf- 
ficiently long to determine the maximum 
uptake of oxygen by the mixture treated 
with tyrosine (which would require 
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about 300 mm.* or five atoms), but it is 
obvious that the absorption by this sub- 
strate exceeded that of the dihydroxy- 
phenylalanine (curve 5). At the end 
of the observation period, the control 
solutions of the suspensions alone or 
with the substrate in the presence of 
KCN were brown and had absorbed 
little or no oxygen, whereas the mixture 
with either substrate which had ab- 
sorbed considerable oxygen were coal- 
black from the formed melanin. The 
evidence of the amount of oxygen ab- 
sorbed and of the melanin formed pre- 
clude the possibility that amino acid 
oxidase may have been responsible for 
the effects observed. The data obtained 
are in agreement with those of Hoge- 
boom and Adams (/) on the pigmented 
Harding-Passey melanoma. 

In striking contrast with the results 
obtained with the pigmented melano- 
mas, the suspension of the nonpig- 
mented melanoma revealed little activ- 
ity in the presence of tyrosine or of di- 
hydroxyphenylalanine (curves 1 and 2). 
The very small amount of activity shown 
may have been due in part to the pres- 
ence of the few pigmented cells in the 
amelanotie portions of the tumor from 
which the suspensions were prepared. 
In any event, the amelanotic portion of 
the melanoma was acutely deficient at 
least in the two enzymes studied, as 
further shown by the very light color of 
the mixtures at the end of the incubation 
period of over 2 hours. 

ABSORPTION OF OXYGEN IN THE PRESENCE 
OF p-PHENYLENEDIAMINE 

The addition of p-phenylenediamine 
to the suspension of either of the pig- 
mented melanomas resulted in an ap- 
preciable uptake of oxygen by the mix- 
ture (curve 4). The absorption by the 
latter is only partially sensitive to cy- 
anide, a considerable proportion, rough- 
ly 50 percent of the uptake in the ab- 
sence of cyanide, remaining effective 
(curve 4’). The nature of the cyanide- 
insensitive enzymatic system or systems 
under these conditions is not known at 
the present time. Examination of the 
suspension in the presence of reducing 
agents with a hand spectroscope re- 


vealed no bands characteristic of cyto- 
chrome 6. 

Again, in the mixtures with suspen- 
sions of the amelanotic melanoma S91, 
the addition of p-phenylenediamine 
produced very little absorption of oxy- 
gen. The small amount of absorption 
observed may have been due in part to 
the few melanotic cells present 
(curve 3). 

CYTOCHROME OXIDASE 

The uptake of oxygen by the suspen- 
sion of the melanotic melanomas in the 
presence of p-phenylenediamine and of 
excess cytochrome ¢ amounts in various 
preparations from 1.7 to 1.9 mm.’ per 
milligram wet weight per hour (curve 
8). When 0.01 M KCN is substituted 
for cytochrome ¢, the uptake of oxygen 
by the mixture (for the first 20 min- 
utes) amounts to about 0.4 mm.° per 
milligram wet weight per hour (curve 
4’). The difference amounts to 1.3 to 
1.5 mm.* per milligram per hour and is 
iu measure of the cytochrome oxidase 
activity of the suspensions. 

The uptake of oxygen by the suspen- 
sion of the amelanotic melanoma in the 
presence of p-phenylenediamine and of 
excess cytochrome ¢ amounts in various 
preparations from 1.1 to 1.4 mm.* per 
milligram wet weight of tissue per hour 
(curve 7). When 0.01 M KCN is sub- 
stituted for the cytochrome ec, the up- 
take of oxygen is negligible. 

It would appear that the cytochrome 
oxidase activity of the melanotic mela- 
noma was slightly greater than that of 
the amelanotic tumor, but it is not be- 
lieved that this difference is particularly 
significant or important. 


DISCUSSION 


The melanotic melanomas are char- 
acterized by the possession of (1) cyan- 
ide-sensitive tyrosinase, (2) cyanide- 
sensitive dopa oxidase, and (as shown 
in this paper) (3) enzymatic system or 
systems which oxidize p-phenylenedia- 
mine and which are only partially cy- 
anide-sensitive. It has been claimed 
that dopa oxidase exists in the normal 
melanoblast (2.7). but the evidence, as 
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in comparable efforts to observe a skin 
tyzosinase (see (7)), has been incon- 
clusive; the dilution of the enzymes if 
they were present precluded in any 
event a definite estimation. Many 
normal tissues such as the heart, kid- 
ney, liver, and brain, and some animal 
tumors, when in suspension, absorb 
oxygen in the presence of p-phenylene- 
diamine, the normal group absorbing 
more per milligram than the tumor 
group. In either case the oxygen up- 
take is completely abolished by addi- 
tion of cyanide? The uptake of oxy- 
gen by these tissues under these condi- 
tions was most probably due to the 
cytochrome oxidase-cytochrome c¢ Ssys- 
tem. The distinguishing characteristic 
of the melanotic melanomas lies there- 
fore not so much in the presence of a 
highly active p-phenylenediamine ox!- 
dizing system, which some normal tis- 
sues and some tumors possess in equal 
or less degree, but in the fact that a 
considerable proportion (roughly 50 
percent) of this system is insensitive 
to addition of 0.01 M cyanide.’ 

The amelanotic melanoma studied was 
nearly lacking in tyrosinase and dopa 
oxidase and in the p-phenylenediamine- 
oxidizing system. The residual activity 
of these systems in the tumor Was com- 
pletely abolished by cyanide. The amela- 
notic melanoma behaved very much 
like all other nonpigmented tumors. 
This melanoma evidently does not pro- 
duce melanin in the presence of tyrosine 
or of dihydroxyphenylalanine because it 
lacks the necessary enzymes, and not be- 
‘ause of some possible unavailability of 
the substrates to the tissue. The mech- 
anism for melanin production is ap- 

2? Greenstein, J. P.: Unpublished data. 

3 Recent study of a deeply pigmented human 
melanoma gave results essentially similar to those 
obtained with melanotic mouse melanomas except 
that the activity of the enzymatic systems in the 
human tumor was far greater than that in the 
mouse tumors*. The suspensions of the human 
tumor possessed not only a very high p-phenylene- 
diamine-oxidizing capacity but close to 100 percent 
of this activity was insensitive to cyanide; this 
tumor also possessed highly active tyrosinase and 
dopa oxidase systems. An amelanotic human tumor 
studied at the same time revealed little if any ac- 
tivity in the presence of p-phenylenediamine.® The 
cytochrome oxidase activity of the melanotic and 
amelanotic human melanomas was nearly the same. 
The results on the mouse and on the human melano- 


mas are thus essentially similar. 
* 5See footnete 2. 


parently independent of the malignant 
nature of the melanoma. As far as the 
cancer problem is concerned, the melanin 
produced may be of only academic 
curiosity. 

SUMMARY 


The activity of tyrosinase and of dihy- 
droxyphenylalanine oxidase (dopa) in 
the amelanotic and melanotic portions 
of the transplanted melanoma $91 in C 
and dba mice was investigated by fol- 
lowing the rate and amount of oxygen 
absorption in mixtures of the tissue sus- 
pensions with each of the substrates. 
The melanotic portions of this tumor, as 
well as the melanotic Harding-Passey 
melanoma, revealed active cyanide-sen- 
sitive systems. The amelanotic por- 
tions of the S91 melanoma revealed very 
little activity of these systems. 

The melanotic tumors, in contrast 
with the amelanotic, showed consider- 
able oxygen uptake in the presence of 
p-phenylenediamine. The small amount 
of oxygen absorption shown by the 
amelanotic melanoma was completely 
abolished by cyanide. Of the larger 
amount of oxygen absorption shown by 
the melanotic melanomas in the pres- 
ence of p-phenylenediamine, about one- 
half was insensitive to the addition of 
cyanide, 

It would appear, therefore, that the 
melanotic melanomas are distinguished 
by the possession not only of tyrosine 
and of dopa oxidase but also of a cya- 
nide-insensitive system, which oxidizes 
p-phenylenediamine. The amelanotic 
melanoma was nearly completely lack- 
ing in all these systems. 

The activity of cytochrome oxidase in 
the melanotic and in the amelanotic 
melanomas was observed to be of the 
same order of magnitude. 
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NOTE ON THE CYSTINE OXIDASE ACTIVITY IN NORMAL AND 
NEOPLASTIC TISSUES OF THE MOUSE 


By Jesse P. GREENSTEIN, senior biochemist, and FLORENCE M. LeutTHARDT, laboratory techni- 
cian, National Cancer Institute, National Institute of Health, United States Public Health 


Service 


Cystine oxidase catalyzes the degrada- 
tion of cystine or of cysteine into 
pyruvic acid, hydrogen sulfide, and am- 
monia (1). Cystine peptides are also 
affected by the presence of this enzyme 
(2). The catalytic properties of the 
enzyme are equally effective under aero- 
bic and anaerobic conditions (J, 2) and 
may be exhibited in cell-free extracts 
of certain tissues. It is distinct from 
amino acid oxidase because of (1) its 
equal effectiveness in the presence and 
absence of oxygen, (2) its high activity 
in mouse liver, which shows no appreci- 
able amino acid oxidase activity, (3) 
its greater activity in rat liver than in 
rat kidney, (4) its far greater action 
on the degradation of cystine than of 
alanine, and (5) its capacity to affect 
cystine in peptide form. 

In contrast with normal liver, hepa- 
tomas contain no demonstrable cystine 
oxidase (2). Other mouse tumors and 
normal tissues were therefore investi- 
gated for the presence or absence of this 
enzyme. 

The procedure used previously for 
the investigation of this enzyme in liver 
and in hepatomas (2) was varied in a 
few details. The time of incubation was 
extended from 2 to 4 hours, and the 
amount of extract used was halved. The 
method finally used was ag follows: 
Tissues were removed from the freshly 
killed mice and ground with sand and 
with three times the weight of water. 
The suspensions were allowed to stand 
overnight in the ice box and were cen- 
trifuged at 1,500 r. p. m. the following 
morning. The supernatant liquid 
served as the source of the enzyme. One 


cubic centimeter of the extract was thus 
roughly equivalent to 300 mg. of wet 
tissue. One cubic centimeter of the 
extract was treated with 1 cc. of phos- 
phate buffer at pH 7.2 and 1 ce. of /- 
cystine solution (0.025 M in 0.1 N sod- 
ium chloride).1_ The mixtures were in- 
cubated at 38° C. for 4 hours, then 
treated with a drop of 1 percent acetic 
acid, set in boiling water for 10 minutes, 
and cooled. The mixtures were then 
treated with distilled water, saturated 
potassium carbonate solution, and a 
drop of caprylic alcohol and aerated for 
ammonia as before (2). The amount 
of ammonia found, less that contributed 
by the extract itself, is a function of the 
cystine oxidase activity of the tissue. 
Duplicate determinations agreed with- 
in 10 percent. With one exception, all 
the tumors studied were transplants.” 
Normal tissues were salaal from 
C3H, dba, and Swiss mice. No strain 
differences were observed. The col- 
lected data are given in table 1. 

The data (table 1) show that of all 
the normal tissues studied, only liver, 
kidney, and pancreas, in descending 
order of activity, possess cystine oxidase 
activity. All the other normal tissues 
and all of the tumors studied possess 
no activity which could be measured 
under the conditions employed. Cys- 
tine oxidase is, therefore, the first sys- 





1 Solutions of l-cystine were prepared by dissolv- 
ing the amino acid in 0.1 N sodium hydroxide fol- 
lowed by neutralization with 1.0 N hydrochloric 
acid. Appropriate volumes of such solutions were 
rapidly pipetted into the digestion flasks before 
crystallization of the cystine began. Fresh solu- 
tions were prepared before each set of determina- 
tions. 

2 The source of the tumors is given in the accom- 
panying paper on esterase (4). 
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TABLE 1.—Cystine oxidase activity of normal 
and neoplastic mouse tissues ' 





Ammonia N produced 


rissues Extract+ Extract Differ- 
substrate alone ence 2 
(Molsx (Mols x (Mols x 
10 ¢ oe 10 ¢ 
Normal 
ver 9.0 28 6.2 
Kidney 5.2 26 26 
Pancreas 3.6 2.0 1.6 
Lung 1.1 1.2 (-.1 
Brain 1.3 1.2 (.1) 
Gastric mucosa 1.1 1.0 ( 1) 
Intestinal mucosa 3.1 3.1 0 
Lymph nodes 2 2 0 
Spleen 1.1 1.0 (.1 
Thymus 4 4 4 
Skeletal muscle 11 1.1 v 
Heart muscle 11 1.1 0 
Skin 3 3 0 
Neoplastic 
Hepatoma 74/77 2.8 2.9 —.] 
Hepatoma A. 2.8 2.7 1 
Hepatoma 587 3.0 3.0 " 
Spontaneous mam- 
mary carcinoma 2.2 2.2 0 
Salivary gland tumor 1.2 1.1 (.1 
Lung tumor F 1.4 1.4 ( 
Melanotic melanoma 4 8 (.1) 
Amelanotic melanoma 1.5 1.4 (.1 
Squamous-cell earci- 
noma of the stomach. 1.1 1.2 (—.1 
S37 8 & eC 
C R180 7 8 0 
Intestinal adenocarci- 
noma 1.9 1.8 (.1 
Primary Sarcoma in- 
duced with methyl- 
cholanthrene 1.4 1.4 0 
Spindle-cell sarcoma s 7 (. 1) 
Lymphoma 163 1.0 1.0 0 





1 Determined by ammonia formed in the degradation of 
l-cystine as substrate. Test run consists of 1 cc. extract 
(equivalent to 300 mg. wet weight of tissue)+1 cc. phosphate 
buffer at pH 7.2+1 ce. l-cystine solution (0.025 M in 0.1 N 
sodium chloride). Control was the same as the test, except 
that 1 cc. water was substituted for cystine solution. The 
cystine solution alone yielded no ammonia under the con- 
ditions employed. 

- Results within experimental error are enclosed in paren- 
theses. 


tem observed which, although present 
in several normal tissues, is completely 
absent in all tumors studied. All en- 
zymes hitherto studied (3, 4, 5) have 
been present in all tumors to greater or 
less degree. The absence of cystine 
oxidase from a large number of normal 
tissues, however, renders it difficult to 
ascribe its absence from tumors to an 
exclusive property of neoplasms. Nev- 
ertheless, the fact that hepatomas in 
both rats and mice contain no demon- 
strable cystine oxidase in contrast with 
the highly active liver, suggests, in con- 

junction with the other data in table 1, 

that tumors in general can exist in the 

absence of cystine oxidase. 
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EFFECT OF 
FORMATION IN 


By FioreNce R. WHITE, assistant biochemist, 


Cancer Institute, 


The Andervont subline of strain 
C3H virgin female mice when fed 
Purina dog chow had a mammary- 
tumor incidence of 97.4 percent (1). 
However, if these mice were maintained 
from the time of weaning on a diet low 
in cystine, no mammary tumors devel- 
oped (2). The implantation of stilbes- 
trol pellets subcutaneously in mice in- 
gesting the low cystine diet raised the 
incidence of such tumors from zero to 45 
percent (2), showing that the suppres- 
sion of mammary-gland-tumor develop- 
ment was due, in part at least, to a lack 
of estrogenic hormone. 

It is known that the mammary gland 
grows under the influence of estrus. 
Turner and Gomez (4) described the 
elongation of the end buds during estrus 
and their partial regression near the 
next proestrous stage. It is by this 
means that the extent and complexity of 
the duct system of the mammary gland 
was increased until full virginal de- 
velopment was attained. Because of 
the undeveloped state of the mammary 
glands of virgin female mice fed the low 
cystine diet, as was shown by mounts 
of the mammary tissue prepared at 
necropsy (5), it seemed probable that 
mice as well as rats (6) did not show 
estrus on a low cystine diet. 

A diet low in lysine also has been 
shown to have an effect on estrus in the 
rat. Evans and Bishop (7) fed 13 
young rats a diet in which the protein 
was supplied by 60 percent wheat. 
Seven of the rats showed no estrus after 
the diet was started, and only 3 had 
more than 1 cycle. Courrier and Ray- 
naud (8) found that when rats ingested 
an 18-percent gliadin diet, estrus 
stopped. Pearson (6) fed 65-day-old 
rats an 18-percent gliadin diet and 
found that after 2 or 3 normal cycles 
estrus usually ceased, although in a few 
cases irregular or prolonged cycles oc- 
curred. When the level of gliadin was 
10 percent (9), estrus ceased entirely. 

Thus it seems that in the rat a diet low 
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senior biochemist, National 
in lysine tends to suppress estrus. If 
the same influence is exerted in a mouse, 
then interference with estrus should re- 
sult in an altered mammary-tumor inci- 
dence. 


EXPERIMENTAL PROCEDURE 
Strain C3H virgin female mice, sup- 
plied by Dr. H. B. Andervont, of this 


Institute, were fed from we: ining a diet 
low in lysine: 


Percent 

Gliadin (Huron Milling Co., Harbor 
Beach, Mich.) _—_~ - ciapatoaiecs. San 
ee 
Salts (Hubbell, Mendel, and Wakeman) _ + 
Criseco____- OE Ee imine 
Cod-liver oil. ee eT 3 
Ryzamin B No. 2 "(Burroughs- Ww ellcome) _ 5 
Total neues 


On this diet, weanling strain C3H 
mice were able to gain w eight only very 
slowly (about 1 gm. in 2 months). The 
average weight of the female mouse of 
this strain at weaning is 16to18 gm. At 
9 months of age the surviving mice fed 
the low lysine diet weighed an average 
of 21 gm. The mice were kept two in a 
cage, and weekly records of body 
weights were made. At each weighing 
the mice were examined for mammary- 
gland tumors. When a tumor was ob- 
served, a note of it was made in the rec- 
ord, and the mouse allowed to live for 
a week or two longer. Al] animals were 
necropsied. Sections of mammary- 
gland tumors were prepared, and the 
diagnosis was made by Dr. A. B. 
Eschenbrenner, of this Institute. 


RESULTS AND DISCUSSION 


The results are summarized in table 
1. The mice fed the low lysine die 
showed a 25-percent incidence of mam- 
mary tumors at an average age of 12.9 
months. While the mice on the low cys 
tine diet developed no tumors at all, it 
was probable from the appearance of 
mammary-tissue mounts and from some 
observations of vaginal smears that 


41 








42 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


TABLE 1.—Appearance of spontaneous mammary tumors or of death in strain C3H virgin 
female mice 


{Numerator=number of mice developing tumors] 
{Denominator=number of mice dying free of tumor] 








Mice developing tumors or dying free of tumors according to age (in Tu- 
months) mor Aver 
Diet a ¢ ea a hy age 
— = & jinci-| gee 
5 6 7 8 9 1 M12 13/14/15) 16 17 18 | 22 | 28 Ee Aenee 
Pet. Months 
Low lysine 32 Of” O72 Of” Of1 21 10 Of 2/5 0/0) O/2 1/2 O/1 1/1) O/1 1/4 O/4 8/24 25.0 12.9 
Chow ! ‘4 350 3/0 11/1 20/0 35/0 63/0 51/0 56/1 41/1 26/1 13/1 10/2 5/0 6/0, 1/1 Oy 341/9 97.6 10. 4 





Data from Andervent (1). 


estrous cycles were entirely absent in 
mice fed such a diet. On the other hand, 
the data recorded by other workers on 
the effect of a low lysine diet composed 
of 18 percent gliadin on estrus in rats 
indicate that occasional cycles are not 
unusual in some animals. In strain C3H 
virgin female mice fed the low lysine 
diet, both the appearance of mammary 
tissue in gross mounts and the observa- 
tion of a few corpora lutea in the ovaries 
of some of the mice indicated that some 
estrous cycles occurred in some of the 
mice. This was in harmony with the 
finding of tumors in 25 percent of the 
mice. The reduction in tumor inci- 
dences from 97.4 to 25 percent and the 
lengthening of the average tumor age 
from 10.4 to 12.9 months were also in 
line with what might be expected. In- 
deed, it seems probable that if a change 
in the estrous rhythm is brought about 
by any means, an alteration in mam- 
mary-gland-tumor incidence in inbred 
highly susceptible mice, such as this 
subline of strain C3H, would occur. 


SUMMARY 


When fed a diet low in lysine from 
the time of weaning, 25 percent of vir- 
gin female strain C3H mice developed 
mammary-gland tumors at an average 
age of 12.9 months. Estrus in these 
mice was not completely absent. 
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In recent years evidence has been 
presented to indicate that there is a re- 
lationship between certain types of tu- 
mor growth and food intake. Rous (/) 
studied the effect of restriction of food 
intake on spontaneous mammary tumors 
in mice. He observed that after partial 
extirpation of these tumors recurrences 
resulted in 83 percent of the animals fed 
a normal diet ad libitum, while 41 per- 
cent were observed in those whose food 
intake was restricted. Furthermore, 
autotransplants of the excised tumors 
grew in 68 percent of the well-fed and 
in only 41 percent of the underfed mice. 
However, cures were not effected, since 
if those mice of the underfed group 
without recurrences or growing grafts 
were fed ad libitum, either growth of 
the graft, or recurrence of the partially 
extirpated tumor, or both, occurred soon 
after the host regained its normal 
weight. Bischoff, Long, and Maxwell 
(2) studied the effect of reduction in 
food intake upon the growth rate of in- 
oculated sarcoma 180 in mice fed a com- 
mercial calf meal. A 50-percent food 
restriction resulted in considerable in- 
hibition in growth of the transplants. 
Later Bischoff and Long (2) fed a con- 
stant but calorically insufficient amount 
of calf meal to all mice and supple- 
mented the higher calorie groups with 
either starch or Crisco. This restric- 
tion in calories without a deficiency of 
essential nutrients also resulted in re- 
tardation of growth of mouse sarcoma 
180. 

Tannenbaum (4) used a diet com- 
posed of weighed amounts of dog chow 
meal and skim milk for both the calorie- 
restricted and full-fed mice. Enough 
cornstarch was added to the diet of the 
mice which ate ad libitum to make their 
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caloric intake about double that of the 
restricted group. The mice were not 
kept in individual cages, but twice a 
week the mice fed a restricted diet in 
each group were sorted and caged ac- 
cording to body weight, so that the 
lighter mice did not have to compete 
with heavier ones for food. The number 
of both spontaneous mammary tumors 
and benzpyrene-induced skin tumors 
and sarcomas was lowered in the calorie- 
restricted mice. Visscher, Ball, Barnes, 
and Sivertsen (5) reduced dietary car- 
bohydrate and fat to accomplish a one- 
third restriction in calories while the 
amount of protein, vitamins, and salts 
consumed in both restricted- calorie and 
ad libitum diets was the same. Virgin 
strain C3H female mice fed these diets 
showed a reduction in the incidence of 
spontaneous mammary tumors from 67 
percent in the controls to zero in the 
‘alorie-restricted mice. 

McCay (6), in an extensive study of 
the effects of nutrition on aging and 
longevity in rats, observed that restric- 
tion in caloric intake resulted in longer 
life span, due perhaps to reduction in 
most of the common rat diseases such 
as pneumonia, chronic nephritis, and 
various types of tumors, principally pul- 
monary lymphosarcomas. 

Insufficient food consumption was, 
in the past, associated with suppres- 
sion of estrus. Loeb (7), in work with 
guinea pigs, found that when the usual 
diet was fed in sufficiently restricted 
amounts to cause weight loss, the fol- 
licles of the ovary did not mature 
and frequently regressed. Evans and 
Bishop (8) found that when the food 
intake of rats was only slightly re- 
stricted, so that body weight did not 
exceed 200 gm., only 7 estrous cycles 
occurred in a year as compared with 55 
in normally fed rats. If the diet was 
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so restricted that body weight was held 
at 60-85 gm., no cycles were observed 
during a year. A similar study by As- 
dell and Crowell (9) confirmed these 
findings but added the further fact that 
estrous cycles were resumed when the 
severely restricted rats (body weight 
maintained at 40 gm.) were allowed 
enough food to gain 10 gm. in weight. 

Work in this laboratory (70, 11, 12) 
indicated that diets which altered the 
occurrence of estrus lowered the inci- 
dence of spontaneous mammary tumors 
in a susceptible strain of mice. By 
feeding a diet so low in cystine that 
weanling mice were able to maintain 
their weight but could not grow, the 
incidence of spontaneous Mammary tu- 
mors in strain C3H virgin female mice 
was reduced from 97 percent to zero 
(10). That this reduction was brought 
about by the suppression of estrus, at 
least in part, was shown by implanting 
pellets of diethylstilbestrol subcutane- 
ously in female mice fed the low cys- 
tine diet (/7). This resulted in mam- 
mary tumors in 45 percent of the ani- 
mals. When a diet low in lysine, which 
did not suppress growth or estrus as 
completely as did the low cystine diet, 
was fed to strain C3H virgin female 
mice, the tumor incidence was 25 per- 
cent (12). 

Young strain dba mice painted with 
an ether solution of methylcholanthrene 
developed leukemia in 90 percent of the 
cases when fed a normal diet. How- 
ever, if they ingested the diet limited 
in cystine, the incidence of leukemia 
was reduced to 17 percent (1/3). That 
this reduction in the occurrence of 
methylcholanthrene-induced leukemia 
appeared to be related to the sulfur- 
containing amino acid content of the 
diet was shown by the fact that the in- 
cidence of leukemia was 72 and 78 per- 
cent in mice fed the low lysine and the 
lysine-supplemented diet, respectively 
(14). 

This paper presents a study of the 
effect of a diet restricted in calories only 
on the incidence of the two types of 
tumors previously studied under other 


dietary regimens, namely, methylchol- 


anthrene-induced leukemia in strain 
dba mice and spontaneous mammary 
tumors in strain C3H female mice. 


EXPERIMENTAL PROCEDURE AND 
RESULTS 


To study the effect of caloric restric- 
tion on mammary-tumor formation and 
development, strain C3H female mice, 
supplied by Dr. H. B. Andervont, of 
this Institute, were used. The virgin 
females, at weaning, were sorted into 
pairs of litter mates. One member of 
the pair was fed the complete diet ad 
libitum, while the other member re- 
ceived the restricted diet, the amount 
of which was governed by the food in- 
take of the ad-libitum-fed animal on the 
preceding day. For every gram of 
food eaten by a mouse of the ad libitum 
group, 0.54 gm. of restricted diet was 
fed the following day to the paired 
litter mate in the calorie-restricted 
group. This amount of restricted diet 
contained the same amounts of casein, 
salts, yeast, and cod-liver oil as 1 gm. 
of the normal diet, but sufficiently less 
cornstarch and Crisco to reduce the 
calories 50 percent. 

The diets used in this study are given 
in table 1 
TABLE 1.—Dicts fed mice to show the effect of 

caloric restriction 





Calorie-restricted 


Components liet 
‘ 


Normal diet 


Grams Calories Grams Calories 
1 


Casein ? 8 81 18 Sl 

Salts 4 4 

Cod-liver oil 3 27 3 1 

Yeast 10 35 10 35 

Cornstarch 50 200 15 60 

Crisco 15 135 4 36 
Tot 100 478 54 229 





1 Mice allowed to eat this diet ad libitum. 
? Commercial grade from Casein Co. of America. 
Hubbell, Mendel, and Wakeman. 


The breeding females, with the excep- 
tions mentioned subsequently, were put 
on the experiment at 4 months of age 
after having borne and nursed one lit- 
ter. These mice were sorted into litter- 
mate pairs and fed in the same way as 
the virgin females. Two pairs, or four 
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animals, were 6 months of age and had 
had two litters before the start of the 
experiment, 

The mice were kept in individual 
cages. Food intake in the ad libitum 
group and food allotments for the re- 
stricted group were determined daily. 
Body weight was recorded semiweekly, 
at which time inspection was made for 
tumors. When a tumor was observed, a 
note of it was made in the record, and 
the mouse allowed to live about a week 
longer. All animals were necropsied. 
Sections of mammary-gland tumors 
were prepared, and the diagnosis was 
made by Dr. A. B. Eschenbrenner, of 
this Institute. 

When the ad libitum member of a 
pair developed a tumor and was killed, 
an average of the last week or 10 days 
of normal food consumption was made ; 
the restricted member of the pair was 
fed on the basis of this figure for the 
remainder of its life, unless the amount 
allowed was so low that a continual de- 
cline was evident. In this case an in- 
crease of 0.1 gm. of food per day was 
made to keep the animal from dying of 
starvation. 

The effective number of mice is the 
number alive at the time of appearance 
of the first tumor. Where the number 
of mice in the restricted and ad-libitum- 
fed groups are different, some members 
of the restricted group had been unable 
to make the adjustment to a reduction 
of 50 percent in calories and had died. 
This was particularly true among the 
breeding females. 

The average weight of the C3H virgin 
females at weaning was 14.9 gm. At 7 
months of age the mice on the restricted 
diet weighed 13.7 gm., had an average 
length (nose to anus) of 8.9 em., and 
were eating 1.54 gm. of restricted diet 
per day. The survivors of the ad-libi- 
tum-fed group at 7 months of age aver- 
aged 30.7 gm. in weight and 11.0 em. in 
length. The breeding females of the 
restricted group at the start of the ex- 
periment weighed an average of 27.3 
em. After 3 months their weight 
dropped to 15.3 gm. The larger part of 
this loss took place during the first 2 
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weeks, and was nearly complete at the 
end of the first month. The ad libitum 
group of breeding mice weighed 25.9 
gm. at the start, and the survivors 3 
months later weighed 34.5 gm. 

The results are summarized in table 2. 
The tumor incidence in both virgin and 
breeding ad-libitum-fed C3H females 
was 100 percent at an average age of 8.1 
months. Among the calorie-restricted 
virgin females only 1 tumor arose at 13 
months, giving an incidence of 12.5 per- 
cent. ‘Two tumors, an incidence of 18.2 
percent, developed among 12 calorie- 
restricted breeding females at 14 and 15 
months. The 2 mice developing tumors 
were those which were 6 months of age 
and had borne 2 litters before being 
started on the experiment. 

To study the effect of caloric restric- 
tion on leukemia induced by methy]l- 
cholanthrene painting, strain dba mice 
were used. At weaning the mice were 
sorted into litter-mate pairs of the same 
sex. Twenty pairs, ten of males and 
ten of females, were used. The mice 
were individually caged and fed as de- 
scribed for strain C3H females in the 
mammary-tumor study. The mice were 
painted 25 times with a 0.2-percent 
methylcholanthrene solution in diethyl 
ether in a manner previously described 
(73) and were observed until death. 
All animals were necropsied. Sections 
were prepared, and diagnosis of leuke- 
mia was made as described by Mider 
and Morton (75). The average weight 
of ad-libitum-fed mice was 12.3 gm. at 
weaning and 23.7 gm. 60 days later. 
The calorie-restricted group weighed 
13.6 gm. at weaning and 12.7 gm. 60 
days later when they were consuming 
1.37 gm. of restricted diet per day. 

The results are summarized in table 3. 
In an average of 73 days from the time 
the methylcholanthrene painting was 
started, 96.2 percent of the ad-libitum- 
fed group had developed leukemia. In 
the calorie-restricted group, 35 percent 
developed leukemia in from 160 to 351 
days, or in an average time of 237 days. 
The one case of arteriosclerosis occurred 
in a mouse without leukemia. Other 
neoplasms observed in the calorie-re- 
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TABLE 2. 


Effect of calorie restriction on mammary-tumor formation in virgin 
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and breeding 


strain C3H female mice 


[ Numerator =number of mice developing tumors ] 
Denominator=number of mice dying free of tumor 





Mice developing tumors or dying free of tumors according to age 


inci 


(in months) 





ber of mice 


Effective num- 


Group of mice Diet 
ay 7 x 9 
Virgin females Ad libitum 1! 20 40 1/0 1/0 
Do Restricted 10 0/6 Of”, 0/0 Of” 
Breeding females ? Ad libitum 21, 20 40 80 3/0 
02 : Restricted 12) 0/1) 0/0 O/8 O/1 


2/0 
0/1 


4/0). 


0/0 


dence 





11 | 12} 13 | 14) 18; 16/17 | 18; 2) 3/35 
Pet. Months 
0/0 10 11/0 100.0 8.1 
00 00 10 Off Off 03 OO O/1' O41 7| 12.5 13.0 
21/0 100.0 8.1 
0/0 0 Of T/L) 1/1 0 O/1) 0/130/0) 2/9} 18.2 14.5 





' 2 alive and tumor-free at end of 22 months. 
? Had had 1 litter before being put on experiment. 


Two pairs, including the 2 in the restricted group which developed 


turrors, had had 2 litters and were 6 months of age before being put on the experiment. 


1 alive and tumor-free at end of 22 months. 


stricted group were: epidermoid car- 
cinoma of the skin in four mice, papil- 
loma of the skin in two, and one each of 
subcutaneous fibrosarcoma, heman- 
gioma (ovary), and granulosa-cell tu- 
mor of the ovary. 


Taste 3.—Effect of caloric restriction on the 
response of strain dba mice to painting with 
methylcholanthrene 





Mice with Total mice 
other ma- with ma- 
lignant ne- lignant ne- 


Mice with 
leukemia 


oplasms?  oplasms 
Diet s = 
= 3 m ton s F | s © 
ae aS is Zi i Z = 
Days 
Ad libitum 2th 25, 96.2 73 25 96.2 
Restricted 20 7, 35.0 27 5 25.0 12 60.0 





Pathologic diagnosis described by Mider and Morton 
5). 
? Epidermoid carcinoma in 4 mice, and subcutaneous 
fibrosarcoma in 1 mouse. 

3 mice had no paired litter mate in the restricted group. 


f 
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DISCUSSION 


In this subline of strain C3H mice, 
which normally shows a 97.4-percent in- 
cidence (/¢6) of mammary tumor in 
either virgin or breeding females, 
caloric restriction reduced the incidence 
to 12.5 percent. Vaginal smears were 
made daily for 2 months from the 
calorie-restricted group of virgin fe- 


males when they were 7 and 8 months 
of age. There was no evidence of estrus 
in any of the mice. A gross mount (17) 
of mammary tissue from the one mouse 
in which a tumor occurred, revealed 
slight duct development, no budding 
along the ducts, and only occasional ter- 
minal buds, so that even in this mouse 
estrous cycles were very few. 

The young mice of both strain C3H 
and dba which were fed the calorie-re- 
stricted diet from weaning did not grow 
(gain in body weight); neither did 
strain C3H mice grow when fed a low 
cystine diet, which was shown to pre- 
vent mammary tumors (10). The ques- 
tion might be raised whether this failure 
of the whole animal to grow was not a 
possible explanation of the suppres- 
sion of mammary-tumor development. 
However, the fact that strain C3H mice, 
fed a low cystine diet from weaning but 
bearing a subcutaneously implanted 
pellet of diethylstilbestrol, did develop 
tumors in 45 percent of the cases, shows 
that lack of growth of the potential host 
in itself was not the complete explana- 
tion of failure of tumor development. 

Furthermore, methylcholanthrene- 
painted strain dba mice fed either a 
low cystine or a low lysine diet did not 
grow (13, 14). Nevertheless, while 
the incidence of leukemia was reduced 
from 90 percent in mice fed a cystine- 
supplemented diet to 10 percent in mice 
fed the low cystine diet, the incidence 
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of leukemia in mice fed the high lysine 
diet was 78 percent, and in those that 
ingested the low lysine diet, 72 percent. 
Thus again it was found possible for 
tumors to form and grow to the point 
where they were easily detected in 
hosts which, because of dietary restric- 
tions in single essential amino acids, 
were unable to increase their own body 
weight. 

The mice which ingested diets re- 
stricted in single essential amino acids 
ate at least as much food per gram of 
body weight as those fed diets supple- 
mented with the lacking amino acid. 
In view of this fact, it might be that 
the changes in tumor incidence brought 
about by amino-acid deprivation and 
those reported in this paper, in which 
the effect of caloric restriction was 
studied, may have been the result of 
fundamentally different alterations in 
physiologic processes, 

While the most probable mechanism 
of cancer suppression by caloric restric- 
tion in the case of mammary-gland tu- 
mors was through the reduction or 
abolishment of estrous activity, this 
could not have been the primary mode 
of action in methylcholanthrene-in- 
duced leukemia. Of the seven calorie- 
restricted strain dba mice developing 
leukemia following methylcholanthrene 


painting, three were females, and four 
males. 

It seems probable that all of the mice 
50 percent restricted in calories must 
have adjusted their metabolic needs to 
a lower level in order to survive. This 
adjustment probably was mediated 
through the thyroid gland. In com- 
pletely thyroidectomized animals, the 
basal metabolic rate falls about 40 per- 
cent. The restriction in this experi- 
ment was 50 percent, so that the ability 
of the mice to lower their caloric needs 
must have been pressed to the utmost. 
Such an adjustment would suppress 
sexual activity in the female but would 
alter many other processes, among 
which are those concerned in the devel- 


- opment of methylcholanthrene-induced 


leukemia. 
SUMMARY 

A 50-percent reduction in calories, 
without alteration in the amount of 
dietary essentials, reduced the incidence 
of mammary-gland tumors from 100 to 
12.5 and 18.2 percent in strain C3H vir- 
gin and breeding females, respectively. 

In methylcholanthrene-painted 
strain dba mice, 50-percent caloric re- 
striction caused a reduction in the de- 
velopment of leukemia from 96.2 to 35 
percent, and an extension in mean latent 
period of from 73 to 237 days. 
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EFFECT OF 


DIET UPON 


THE DEVELOPMENT OF 


MAMMARY 


GLANDS IN STRAIN C3H MICE 


By FLORENCE Rt. Wuite, assistant biochemist, National Cancer Institute, National Institute of 
Health, United States Public Health Service 


The full growth of the mammary 
gland has been shown to be under the 
control of several hormones (J, 2). 
However, for full virginal development, 
the estrogenic hormone is of primary 
importance. Since partial or complete 
suppression of estrus results in little 
elaboration of estrogenic hormone by 
the ovary, the effects of such suppres- 
sion should be evident in the appear- 
ance of the mammary glands. 

Strain C3H virgin female mice be- 
came anestrus when fed a low cystine 
diet. Mice so fed did not develop any 
mammary tumors, although normally 
fed mice of this strain showed a 97.6- 
percent tumor incidence (). A sub- 
cutaneously implanted pellet of diethyl- 
stilbestrol raised the tumor incidence of 
mice ingesting the low cystine diet to 
44.7 percent (4). An alteration of 
tumor incidence and of estrus in strain 
C3H female mice was also brought 
about by a diet low in lysine (5) and by 
calorie restriction (6). This paper 
shows how the development of the mam- 
mary glands was affected by these die- 
tary regimens. 


EXPERIMENTAL PROCEDURE 


Gross mounts of mammary tissue 
from over 200 strain C3H female mice 
of the Andervont subline were pre- 
pared. Although the mice were part of 
experiments set up for other purposes, 
in all cases they were killed when a 
mammary tumor was detected, or when 
death seemed imminent from some cause 
apart from a mammary tumor. The 
second or third thoracic mammary 
gland from either the right or the left 
side, whichever was without a tumor, 
was fixed, dissected out in its facial 
layer, stained with hematoxylin, and 
mounted in balsam. Preparations 
from some of the mice on each diet were 
photographed, and representative ones 
selected for the figures in this paper. 

The mice, with the exceptions noted 


subsequently, were virgin females which 
were fed the diet specified from wean- 
ing until death. One group of breed- 
ing females was maintained on Purina 
dog chow until they were 4 and 6 months 
old and had borne and nursed one and 
two litters, respectively, before the ex- 
periment was begun. 

Diets fed the mice were low cystine 
(#), cystine supplemented (3), dog 
chow, low lysine (5), a normal diet 
eaten ad libitum by the mice (6), and 
a comparable diet fed so that the caloric 
intake was restricted (@). 

RESULTS 

The mammary glands of virgin fe- 
male mice fed a low cystine diet from 
weaning were rudimentary. Figure 1, 
-1, shows a typical preparation. The 
gland remained small (this illustration 
shows very nearly the whole of the 
third mammary gland), and there was 
little branching of the ducts, and no 


acini development. No tumors were 
found among such animals (3). How- 


ever, mice fed the low cystine diet, but 
with a subcutaneously implanted pellet 
of diethylstilbestrol, had mammary 
glands (fig. 1,\B) in which the duct sys- 
tem had become complex through much 
branching, and acini had developed 
along the sides of the ducts and in clus- 
ters at the duct ends. The glands were 
similar to those of virgin females fed a 
cystine-supplemented diet, chow, or a 
complete diet ad libitum in which full 
development of the extent and complex- 
ity of the duct system had taken place. 
The tumor incidence in mice bearing 
diethylstilbestro! pellets and fed a low 
cystine diet was 45 percent (4), and 
that in mice fed chow or other complete 
diets was from 97 to 100 percent (3, 6). 

Mammary tumors developed in 25 
percent of the virgin female mice fed 
a low lysine diet (5). Estrus was 
thought to occur occasionally among at 
least some of these mice, because a few 
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FiGuRE 1.—Gross preparations of mammary glands, all from virgin female mice. A, From 
mouse 11 months old fed a low cystine diet: B, From a mouse 8 months old fed a low cystine 
diet, with subcutaneous stilbestrol pellet; C, From a mouse 18 months old fed a low lysine 
diet, no tumor development: D, From a mouse 14 months old fed a low lysine diet, with 
tumor development. See text. xX 29. 
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corpora lutea were often present in the 
ovaries at necropsy. Figure 1, (’, shows 
the mammary gland from a mouse 
which was fed a low lysine diet and 
which did not develop a tumor. There 
was a little growth of the duct system, 
but no development of acini. Figure 
1, Y, mammary tissue from a mouse, 
which was fed the same diet and which 
did develop a mammary tumor, shows 
rather extensive development of the 
duct system and acini. The mammary 
tissue in the preparation had probably 
undergone partial atrophy. This 
might have been due to a prolonged 
period of anestrus immediately preced- 
ing the death of the animal. In this 
case, the estrus which had evoked the 
growth shown by this mammary prep- 
aration took place sometime earlier. 
Figure 2, A, shows the mammary- 
gland preparation of a virgin female 
and figure 2, B, of a breeding female 
which ingested a complete diet ad lib- 
itum. Tumor incidence was 100 per- 
cent in both groups of mice (6). 





Figure 2.—Gross preparations of mammary glands. 


While there was variation from one ani- 
mal to another, these two illustrations 
were representative of full virginal and 
of full nonsecreting parous develop- 
ment. The extent and complexity of 
the duct system was not greatly dif- 
ferent in the two, but there was usually 
greater acini development in the glands 
from the breeding females. 

When a diet complete in all the 
dietary essentials but 50 percent re- 
stricted in calories was fed to virgin 
C3H female mice from weaning, the 
mammary-tumor incidence was re- 
duced from 100 to 12.5 percent (6). 
Figure 3, A, shows the mammary gland 
of a calorie-restricted mouse which did 
not develop a tumor. The duct system 
remained rudimentary, showing little 
if any growth or branching. There was 
no development of acini. Figure 3, B, 
is also from a calorie-restricted animal, 
but this mouse did develop a mammary 
tumor. There is evidence of only a 
slight amount of ductal development. 
Figure 3, C and D, are of the mammary 
glands of breeding C3H female mice. 


Ya ; 


A, From virgin female 12 months old which 


ingested a complete diet ad libitum; B, From breeding female 10 months old, which ingested 


a complete diet. X 29. 
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Figure 3.—Gross preparations of mammary tissue. A, From a virgin female 8 months old, 
caloric restriction, no tumor development; B, From a virgin female 13 months old, caloric 
restriction, with tumor development; C, From a breeding female 8 months old, caloric 
restriction, no tumor development: D, From a breeding female 14 months old, calorie 
restriction, with tumor development. X 29. 
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Caloric restriction was started when 
they were mature and had borne and 
nursed one or two litters. The mam- 
mary tissue in figure 3, C, was from a 
mouse 4 months old which had borne one 
litter, and that in figure 3, )), was froma 
mouse 6 months old which had had two 
litters, when the experiment started. 
A tumor developed in the latter mouse 
but none in the former. The giands of 
both showed atrophy of a fully de- 
veloped mammary gland. similar to 
what would be expected if the ovaries 
had been removed after adult develop- 
ment had taken place. It seemed pos- 
sible that the transformation to the 
malignant state may have occured in 
one (fig. 3, 2) before the caloric re- 
striction was begun. 
SUMMARY 

Mammary tissue of strain C3H vir- 

gin female mice fed a low cystine diet 
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showed an absence of growth which 
indicated that estrus had been sup- 
pressed. Mice fed the same diet but 
kept in continuous estrus by a sub- 
cutaneously implanted pellet of di- 
ethylstilbestrol had mammary tissue in 
which considerable growth had taken 
place. 

Mammary tissue of virgin female 
mice fed a diet low in lysine showed 
variations from very little to consider- 
able growth, which indicated that in 
some of the mice estrus had occurred, 
while in others it had been absent. 

Among the virgin female mice re- 
stricted in calories, mammary tissue 
showed little evidence of growth. 
Mammary tissue from breeding fe- 
males fed the same diet was atrophied, 
which indicated that sexual activity 
had been stopped by the caloric re- 
striction. 
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INTRODUCTION 


Up to the present time, the only 
method of characterizing neoplastic tis- 
sues and of distinguishing them from 
normal tissues has ‘been by microscopic 
examination, i. e., by morphologic cri- 
teria. This method is still the most 
unequivocal in the recognition of neo- 
plasia and indeed in the recognition of 
degrees of neoplasia. In the past few 
years, attempts have been made to sup- 
plement the morphologic criteria of al- 
tered tissues with characterizations 
based upon chemical reactions in vitro, 
chiefly enzymatic, which such tissues re- 
veal in the presence of known and added 
substrates (J-16). Since the chemical 
studies possess a number of variations 
in the approach to this problem of char- 
acterization, they not only have a de- 
scriptive value but also contain the pos- 
sibility of discovering at what point or 
points in the numerous chemical proc- 
esses of a given tissue the deviation 
toward the neoplastic state occurs. 
While the chemical approach to the 
study of neoplastic tissues is potentially 
of great power, it can never be separated 
from a consideration of the gross 
pathology of the tissues and of their 
microscopic morphology, for these last- 
mentioned criteria serve as the founda- 
tion upon which the chemical studies are 
based, and by which they are largely 
interpreted, 

Chemical studies on neoplastic tissues 
have so far been performed almost en- 
tirely with laboratory animals. These 
studies possess an unquestioned value 
and many advantages, but their limita- 
tions are obvious. The essential core of 
experimental cancer investigation is a 
better understanding of the nature of 
malignancy in man. Work on experi- 
mental animals, limited to the number 


of tumors available, may point the way 
to this understanding, but there is no 
assurance that the findings may be ap- 
plicable to human beings. Studies on 
the chemical characterization of normal 
human tissues are rare, on human 
tumors they are extremely few, frag- 
mentary, and largely uncoordinated be- 
‘ause of the lack of comparable studies 
on normal human tissues. The only 
clear-cut study of human tissue so far 
(10) has involved the investigation of 
a single chemical component in the nor- 
mal kidney cortex, colonic mucosa, and 
lung, and in six adenocarcinomas of the 
gastrointestinal tract.? Neoplastic 
growths in man possess a wide range 
of morphologic and pathologic charac- 
teristics, even in the same type of 
growth; not only are they highly vari- 
able, but they may be observed to arise 
in forms so far not observed in experi- 
mental animals. Although certain 
kinds of benign tumors are known to 
occur in laborator vy animals, the range 
between entirely benign and highly 
malignant growths in man has gr ada- 
tions and greater diversity and com- 
plexity than that so far observed in the 
lower animals. Studies on human neo- 
plastic growths, therefore, require a 

1 This paper is a joint contribution from the Na- 
tional Cancer Institute and the Memorial Hospital 
for the Treatment of Cancer and Allied Diseases 
(New York City). The cooperative study was made 
possible originally by arrangements made by Dr. 
R. R. Spencer, of the National Cancer Institute, 
and Dr. C. P. Rhoads, of the Memorial Hospital. 
Subsequent arrangements to obtain other pathologic 
material from the New York Hospital were made 
through the kindness of Dr. G. B. Mider, of the 
Cornell University Medical College. Tumor ma- 
terial was supplied through the kindness and co- 
operation of Dr. Fred W. Stewart, of Memorial 
Hospital, and Dr. N. C. Foot, of New York Hospital. 

2 Consideration is omitted here of the vast amount 
of work on human blood and serum in the course 
of a wide variety of pathologie states, including 
cancer, of the host. Studies of systemic effects 
evoked in human tissues in sites removed from 
that of the cancer, such as the recent investigations 
of the liver functions by Rhoads, Pack, Abels, and 


their associates at the Memorial Hospital (17) are 
likewise not considered here. 
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large variety of such tissues, together 
with comparable studies on the widest 
possible selection of normal human 
tissues. 

Of the various chemical approaches 
to the study of malignancy im tissues, 
the solution of the problems concerned 
with metabolism and respiration ranks 
among the most important. The com- 
plex and interrelated functions by 
which living tissues are maintained re- 
quire the ready availability of sources 
of energy. To some extent, these 
sources of energy are supplied by the 
oxidation of substances of relatively 
low molecular weight, amino acids, 
sugars, and fatty acids. In primitive 
forms of life, the energy derived from 
the oxidation of these metabolites may 
be obtained entirely under anaerobic 
conditions (fermentation). In the 
higher animals there are present, in 
addition to anaerobic systems, oxida- 
tion mechanisms whereby molecular 
oxygen is utilized (respiration) (/8). 
Most of the tumors which have been 
studied appear to obtain a considerable 
part of their energy from fermentative 
processes (1, 6), although they exhibit 
considerable respiration. The study of 
this anomalous phenomenon requires a 
knowledge of the individual tissue sys- 
tems concerned with beth anaerobic and 
aerobic types of metabolism. In this 
paper, attention is limited to certain 

Cytochrome 
oxidase 
Molecular O24 


Oxidized eytochrome c+ Metabolite - 


Molecular oxygen thus does not act 
directly upon the metabolite but only 
indirectly through the mediation of the 
cytochrome oxidase-cytochrome ¢ sys- 
tem. Neither cytochrome ¢ nor cyto- 
chrome oxidase is autoxidizable; taken 
together, the two components will cause 
an uptake of oxygen if cytochrome ¢ is 
in the reduced state. 

The normal tissues of animals con- 
tain the cytochrome oxidase-cytochrome 
c system to greater or less degree, heart 
muscle being by far the most active, 
liver and kidney intermediate, and 
spleen and lung among the least active 


——— + Oxidized metabolite + Reduced cytochrome e¢ 


factors related to the utilization of oxy- 
gen by the various tissues studied. 

The activation of molecular oxygen 
for the purposes of intracellular oxida- 
tion is performed in part by iron-con- 
taining, cyanide-sensitive, catalytic sys- 
tems which are capable of existing re- 
versibly in reduced (ferrous) and in 
oxidized (ferric) states. Knowledge 
of these systems is by no means com- 
plete; but the best available data indi- 

cate that they are composed of several 
components each of which is a con- 
jugated protein containing a hemin 
nucleus as the prosthetic group. Each 
of the components, when in the reduced 
condition, gives sharply defined absorp- 
tion bands in the visible region of the 
spectrum, and by this means has been 
separately identified (3, 19). The 
generic term for these components is 
“cytochrome,” and the various com- 
ponents have been given the designa- 
tions cytochrome oxidase, cytochrome a, 
cytochrome 6, cytochrome c¢, etc. (79). 
Only two of these components have so 
far been isolated in relatively pure 
form, cytochrome oxidase (2, 20, 21) 
and cytochrome ¢ (22), and the mode of 
action of only these substances of all the 
cytochromes is understood at least par- 
tially. The main cyclic pathway by 
which these components utilize mole- 
cular oxygen in the oxidation of a given 
metabolite is as follows: 


Reduced cytochrome ¢ ———— Oxidized cytochrome « 1) 


2, 5). In all the normal tissues 
studied, the activity of cytochrome 
oxidase and the concentration of ei 
chrome ¢ run roughly parallel (2 
The stndy of this system in the | a. 
plastic tissues of laboratory animals 
has been well-done but has been limited 
by and confined to the relatively few 
types of tumors available in rats and in 
mice. The results obtained indicate 
that, in comparison with such highly 
active tissues as heart and kidney, the 
activity of the tumors is low; on the 
other hand, the activity of the tumors is 
of the same order of magnitude as that 
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of such tissues as spleen and lung. The 
activity of cytochrome oxidase has 
never been reported for human tissues 
whether normal or neoplastic. There is 
a single report in the literature on the 
cytochrome ¢ concentration in three 
normal human tissues and in six neo- 
plasms (10). It was considered desir- 
able, therefore, to investigate these sys- 
tems in the wide variety of neoplasms 
offered by the clinic, and to make com- 
parable studies of normal tissues avail- 
able through the medical examiner’s 
office. It has been suggested (19, 23) 
that the activity of cytochrome oxidase 
in tissues is connected with the presence 
of copper, and for this reason copper 
determinations were made on many of 
the tissues studied. 

In no sense can the studies herein de- 
scribed be considered complete. The 
full characterization of any tissue in 
terms of its content of catalytic sys- 
tems requires the amassing of complete 
data on a large number of representa- 
tive systems (73). A tissue low in cer- 
tain systems may be high in others (6). 
Only if the full “spectrum” of enzy- 
matic activity of a given tissue is known 
can the tissue, in this sense, be said to 
be described. For these reasons alone, 
the data given in the present paper on 
the cytochrome oxidase-cytochrome c¢ 
system in human tissues represent only 
a small part of the diverse and complhi- 
cated pattern of enzymatic catalysis. 


EXPERIMENTAL PROCEDURE 
NEOPLASTIC HUMAN TISSUES 


Nearly all the tumors studied were 
obtained after operation. Those which 
were not so obtained were received on 
necropsy, and in these cases metastases 
were primarilv selected. Care was 
taken to avoid any contact of these 
tissues with the ever-present formalde- 
hyde of the pathology laboratory. The 
time which elapsed between the excision 
of the tumors in the operating room and 
the receipt of these tissues in our hands 
varied from 14 hour to 2 hours. The 
necropsy material was obtained in 2 to 
20 hours after death. All the surgical 
specimens came from the Memorial Hos- 
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pital and the New York Hospital. The 
hospital numbers of the specimens with 
the prefix M designate the former hos- 
pital and those with the prefix C the 
latter. One necropsy specimen was ob- 
tained from the Morrisania Hospital 
through the kindness of Dr. Aronson. 
The specimen from this hospital is 
designated by the prefix Morr. —. The 
clinical and radiation records were ex- 
amined of all the patients from whom 
tissues were obtained; these were re- 
corded but not further discussed as they 
had no apparent bearing on the results 
obtained. Sections of all the tissues 
obtained were preserved in formalin. 


NORMAL HUMAN TISSUES 

Samples of various tissues were ob- 
tained directly at necropsy on persons 
dead of accident or by self-inflicted 
means. All materials were obtained 
from the medical examiner’s office of 
Queens County. The various persons, 
the cause of death, and the time elapsed 
between death and necropsy (when the 
tissues were received) are as follows: 


H. v. S.—Male, white, 57 years old, death 
due to coronary occlusion, necropsy performed 
1 hour after death; hospital number A2645. 

D. M.—Female, white, 58 years old, death 
due to rupture of sigmoid colon, necropsy 
performed 1 hour after death; hospital num- 
ber A2647. 

A. P.—Male, white, 41 years old, death due 
to skull fracture, necropsy performed 3 hours 
after death; hospital number 43RA22M. 

T. K.—Male, white, 50 years old, death due 
to carbon monoxide inhalation, necropsy per- 
formed 4 hours after death; hospital number 
44A435-M. 

A. R.—Male, white, 61 years old, death due 
to cerebral hemorrhage, necropsy performed 
3 hours after death; hospital number 
A2786-M. 

IMMEDIATE TREATMENT OF THE TISSUE 

On two separate occasions, two of the 
present authors (J. P. G. and F. M. L.) 
spent some time in the laboratories of 
the Memorial Hospital. In the course 
of their first stay in New York, all the 
tissues obtained, both normal and neo- 
plastic, were placed immediately on re- 
ceipt in covered individual glass con- 
tainers and set in finely ground solid 
carbon dioxide (dry ice) which froze 
the tissues within 5 minutes. All tis- 





sue specimens from Memorial Hospital, 
which are prefixed with the letter Q, 
were treated in this way, as were the 
New York Hospital specimens Nos. 
73770, 370167, 365663, 370323, 369537, 
336902, 327819, 370367, 76414, 371203, 
369671, 370369, 370059, 319745, 371643 
as Well as the specimens from the Mor- 
risania Hospital, and the normal tissues 
from H. V. S.. D. M.. and A. L. ‘All 
these specimens were kept during the 
period of collection in an insulated 
wooden box containing finely chopped 
dry ice in a cold room. At the end of 
this period, the box still containing dry 
ice was rapidly transported by truck 
to Bethesda and set in a cold room in 
the National Cancer Institute. Studies 
on these frozen tissues were then per- 
formed at leisure at the Institute.* No 
tissue was ever allowed to thaw except 
immediately prior to its study. 

In the course of the second stay of 
the authors (J. P. G. and F. M. L.) at 
the Memorial Hospital, the tissues were 
studied at the hospital immediately on 
receipt. Tissues thus studied in the 
fresh state included surgical specimens 
from the Memorial Hospital the num- 
bers of which are prefixed with the let- 
ter R, surgical specimens from the New 
York Hospital Nos. 374195, 379946, 
350370, and normal tissues from T. K. 
and A. R. 

The pathologic diagnoses were taken 
from the records of the hospitals. In 
the case of certain of the tumors, the 
percent of epithelial and of pigmented 
areas was determined by the method of 
Chalkley (24). 


METHODS OF INVESTIGATION 
CYTOCHROME OXIDASE 


The tissues were carefully trimmed 
of extraneous matter, care being ex- 
erted to remove any necrotic area from 
the tumors. For the determinations 
of cytochrome oxidase, 1 gm. of each 


>The period of collecting the frozen tissues in 
New York was 3 months. The subsequent study of 
these tissues in Bethesda, which immediately fol- 
lowed this period, lasted another 3 months. The 
average length of time that any one tissue was kept 
in the frozen state before being studied was 4 
months. 
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tissue was transferred to a glass mor- 


tar and thoroughly ground with sand’ 


and 10 cc. of 0.2 M phosphate buffer at 
pH 7.2. After the sand was allowed 
to settle, the suspension served as the 
source of the oxidase. 

The activity of cytochrome oxidase 
was determined by measurement of the 
rate of oxygen consumption of the sus- 
pensions in the presence of an excess of 
cytochrome ¢ and of a substrate which 
reacts directly with cytochrome ce, in this 
‘ase p-phenylenediamine. Under the 
conditions chosen, the oxidase was the 
limiting factor (equations 1 and 2). 
The oxygen consumption was measured 
with single Warburg manometers. 
The flasks contained 1 ce. of the tissue 
suspension (equivalent to 100 mg. wet 
weight of tissue), 1 cc. of phosphate 
buffer at pH 7.2, and 1 ce. of cyto- 
chrome ¢ solution. The cytochrome ec, 
which was prepared from veal hearts 
by the method of Keilin and Hartree 
(22), had a concentration of 1X 10+ M. 
The side arm of the flask contained 0.3 
ec. of freshly prepared 2 percent p- 
phenylenediamine. After equilibration 
at 38° C., the contents of the side arm 
were mixed with the cell contents; and 
the manometers were read at 5-minute 
intervals for 20 to 30 minutes, during 
which period the oxygen consumption 
was linear with time. The hourly oxy- 
gen consumption per milligram of wet 
weight of tissue was calculated from 
this period. 

Inasmuch as p-phenylenediamine re- 
acts with other components of the 
cytochrome group, namely, the autox- 
idizable cytochrome } (25), corrections 
were made by measuring the uptake of 
oxygen by a mixture wherein 1 cc. of 
0.01 M potassium cyanide (KCN) was 
substituted for the 1 cc. of cytochrome c. 
This blank therefore represents the oxi- 
dation of p-phenylenediamine and of 
any other substrates in the tissue 
through autoxidizable, cyanide-insensi- 
tive systems. The activity of cyto- 
chrome oxidase is thus given as: 

Cubie millimeters of O. (in the presence of 
cytochrome c)—Cubie millimeters of O, 

(in the presence of KCN) p 

at Milligrams wet weight of tissue x hours so 
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The correction factor obtained in the 
presence of cyanide was negligible in all 
cases except those involving the mela- 
notic melanomas. Here the consump- 
tion in the presence of cyanide was 
appreciable. This point is discussed 
later. 

A number of the tissue suspensions, 
both normal and _ neoplastic, were 
studied in the absence of added cyto- 
chrome c. In these cases, the rate of 
oxygen consumption was measured of 
mixtures of 1 cc. of the suspension plus 
2 cc. of buffer at pH 7.2 with subsequent 
addition of the above-mentioned amount 
of p-phenylenediamine: from the side 
arm of the flask. This rate was in- 
variably lower than that observed in the 
presence of an excess of added cyto- 
chrome c and afforded a measure of the 
over-all cytochrome oxidase-cytochrome 
e activity in the tissue suspension. As 
was to be expected, when 1 cc. of 0.01 M 
potassium cyanide solution was sub- 
stituted for 1 cc. of buffer in these mix- 
tures, the rate of oxygen uptake was too 
low to measure, with one notable excep- 
tion, the melanotic melanomas. 

All determinations were run in dup- 
licate. The duplicates agreed within 
values of 5 percent. Different samples 
of the same tissue agreed with each 
other in the range of +10 percent. In 
view of the fact that the tissues were 
employed in heterogeneous suspension, 
not in homogeneous solution, the agree- 
ment found between replicate determin- 
ations is satisfactory. 


CYTOCHROME C@ 


For the determination of cytochrome 
e in the normal and neoplastic tissues, 
5 to 10 gm. of tissue was carefully 
weighed, transferred to a glass mortar, 
and thoroughly ground with sand and 
water. The cytochrome c was isolated 
from the aqueous extracts and measured 
by a standardized veal heart-cytochrome 
oxidase preparation according to the 
method of Stotz (2).* The oxidase was 
standardized every day against various 





*p-Phenylenediamine was used here instead of 
hydroquinone. The high rate of autoxidation of 
the latter is a serious handicap in its use. 


known concentrations of cytochrome ec. 
The autolytic procedures for the stand- 
ard oxidase preparation suggested by 
Haas (21) were employed. The prep- 
aration under these conditions main- 
tains a nearly constant activity over 
several weeks’ standing in the ice box. 
The sensitivity of the method was fre- 
quently checked by addition of cyto- 
chrome c¢ to the mixtures; the recovery 
was invariably 80-90 percent. Because 
of the limited amount of each neoplastic 
tissue, few duplicate determinations 
per sample could be made; but where 
these determinations were made, they 
usually agreed to within 25 percent. 

In the method of determining cyto- 
chrome c¢, this substance is the limiting 
factor, for under the conditions em- 
ployed cytochrome oxidase is present 
in excess.© The concentration of cyto- 
chrome ¢ in the various tissues is given 
in terms of milligrams per 100 gm. of 
wet tissue. 

COPPER 


The determination of copper in 
tissues has been described (26). The 
method is colorimetric and depends 
upon the use of diethyldithiocarbamate. 
Recovery tests on added copper sulfate 
to several tissue digests revealed that 
90-100 percent of the copper was re- 
coverable by the methods used. 

CONTROL STUDIES ON RAT TISSUES 


It is possible to study animal tissues 
immediately after removal from the 
body of the animal. For many obvi- 
ous reasons, it is difficult to apply this 
ideal condition to the study of human 
tissues, particularly those obtained 
from normal subjects. Effort was made 
in the present studies to collect both 
normal and neoplastic tissues in as fresh 
a condition as possible, but an appre- 
ciable interval of time, ranging from 
half an hour to 2 hours after operation 
and from 1 hour to 4 hours after death, 
elapsed before the neoplastic and the 
normal tissues, respectively, were ob- 
tained. Furthermore, the greater num- 





6 Methods involving spectroscopic determinations 
of cytochrome c have been reported by several 
investigators (4, 10). 





ber of these tissues were kept in a 
frozen state in solid carbon dioxide for 
several months before being studied. It 
is believed that freezing under these 
conditions has no effect on the catalytic 
systems studied because (1) it has been 
shown that the activity of cytochrome 
oxidase is unimpaired after repeated 
freezings and thawings (20), (2) crys- 
talline proteins with well-defined ca- 
talytie properties have been isolated 
from tumor tissue (Jensen rat sarcoma ) 
after the tissues had stood in the frozen 
state for several months (27). and (3) 
the activity of cytochrome oxidase and 
the concentration of cytochrome ¢ is of 
the same order of magnitude in the 
same human tissues studied either in 
the fresh or the frozen state. (See 
tables.) One of the normal human sub- 
jects died of carbon monoxide inhala- 
tion, but his tissues yielded catalytic 
activities indistinguishable for the most 
part from those obtained on the tissues 
of normal subjects dead of accidental 
causes. Although it might appear that 
the freezing of the tissues, and the in- 
halation of carbon monoxide may be 
ruled out as factors affecting the par- 
ticular catalytic properties of the tis- 
sues studied, the extent of the factors 
involved in the interval of time during 
which the tissues lie either on the path- 
ologist’s table or within the cadaver is 
still unknown. For this reason, it was 
considered desirable to investigate the 
catalytic activities of the tissues of an 
experimental animal, the rat, in the 
fresh condition and under conditions 
approximating those observed when 
working with human tissues. Some 
animals were killed by decapitation, 
others by carbon monoxide inhalation. 
The tissues of some animals were re- 
moved and studied immediately ; the tis- 
sues of others were removed, allowed to 
stand for about an hour at room temper- 
ature, frozen in dry ice for 2 months, 
and then studied ; whereas the carcasses 
of still others were allowed to stand at 
room temperature for 2-4 hours and the 
tissues then removed and studied. The 
room temperature varied from 20° to 
23° C. The animals dead of carbon 
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monoxide asphyxiation were among 
those whose carcasses were allowed to 
stand for the 4-hour period before the 
tissues were removed for study. The 
data are given in table 1. 

TaBLe 1.—Cytochrome oxidase activity and 


cytochrome e@ concentration in fresh, stand- 
ing, and frozen rat tissues’ 





Condition of tissue 






“— Standing 4 Frozen 2 
Fresh hours months ! 
Tissut = | 2 =~ is = 
ES & &/& : 
pec Ps a = = 
z =e = PA = e = & 
= |S Sz is be 
= > as > an 
Milli- Milli Milli- 
grams grams grams 
pet. pet. pet. 
Liver fli.8 ) fi2.0 \ ‘. . 
156.3) f 8 qe p22 U5 86 
Spleen 4.3 4.0 4.4 
Kidney 14.2 12.3 15.4 
Heart 37.4 40.2 42.8 
Brain 12.5 14.8 
Skeletal muscle 6.4 6.2 
nsen sarcom: f16 | » fs - 
Jensen sarcoma ys 69g) f 12 454 20) | 1.1 l 





| All data given on basis of tissue wet weight; Buffalo rats 
used. Values are averages of several animals. Q-=Cubic 
millimeters 02 per milligram per hour. 

? Animals were decapitated and tissues immediately 
removed for study. 

3 Animals either decapitated or killed by carbon monoxide 
inhalation and carcasses allowed to stand 4 hours at 20°- 
23° C. before the tissues were removed. 

4 Animals decapitated: tissues were removed and stored 
immediately in dry ice, kept for 2 months, and then studied. 

5 Data in parentheses refer to experiments in which buffer 
was substituted for cytochrome c solution (p-phenylenedia- 
mine present). 

6 Animals decapitated; tumors removed immediately and 
allowed to stand 2 hours at room temperature before study 


The data in table 1 indicate that the 
periods of standing at room tempera- 
ture or at dry-ice temperature have lit- 
tle observable effect upon the systems 
studied; the values for the tissues stud- 
ied under these conditions are very 
nearly the same for the same tissues 
obtained immediately from the freshly 
killed animal. The inhalation of car- 
bon monoxide also appears to have little 
if any effect upon the catalytic systems 
in these tissues. This finding is dis- 
cussed more fully later. The fact that 
the freshly obtained tissues of rats gave 
values similar to those obtained on tis- 
sues which had been kept standing in 
(different ways is no guarantee that hu- 
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man tissues would behave in the same 
manner, but at least it allows for the 
probability that they would and permits 
of a certain degree of confidence in the 
results with the latter tissues." 

The values in parentheses in table 1 
represent the rate of oxygen consump- 
tion by certain of the tissue suspen- 
sions in buffer and in the presence of 
p-phenylenediamine. These values, at 
least for liver, are an appreciable pro- 
portion of the oxygen consumption by 
the suspension in the presence of ex- 
cess cytochrome ¢ (cytochrome oxidase 
activity). 

The relative values of cytochrome 
oxidase for the rat tissues are similar to 
those observed by other investigators 
although the absolute values reported 
here are of a generally lower order of 
magnitude (2,5,9). The value for the 
concentration of cytochrome ¢ in rat 
liver is in good agreement with that 
reported by Stotz (2) and by Shack 
(9); that for the same component in 
the Jensen rat sarcoma is similar to 
the value reported by Du Bois and 
Potter (4). 


CYTOCHROME OXIDASE, CYTOCHROME €C, 
AND COPPER IN NORMAL AND NEOPLASTIC 
HUMAN TISSUES 


The data on cytochrome oxidase, cy- 
tochrome ¢, and copper in normal and 
neoplastic human tissues are given in 
table 2. 

There is substantially good agree- 
ment among the values for each tissue 
of the five normal persons studied; and 
this agreement appears to hold, inde- 
pendently of the manner of death, or 
whether the tissues were studied imme- 
diately after necropsy or after a period 
of standing in the frozen state. For 
this reason, also to conserve space, only 
the average values with the variations 
for each tissue are presented. The nor- 
mal values of cytochrome oxidase and 
of cytochrome ¢ in the tissues of T. K., 
who died of carbon monoxide poison- 


_ “In the preparation of cytochrome oxidase accord- 
ing to Haas (21), a certain amount of autolysis of 
the tissue far from being harmful has indeed been 
found to be helpful. 
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ing, are of considerable interest and 
have been confirmed by similar studies 
on rat tissues (table 1). The respira- 
tory activity of tissues may be sup- 
pressed by saturation of the iron-con- 
taining systems with carbon monoxide 
(28, p. 74), but this inhibition takes 
place only in the dark and is reversible 
on illumination. Combination of car- 
bon monoxide with hemoglobin, on the 
other hand, is of a firm and irreversible 
character. It seems probable that death 
from carbon monoxide inhalation oc- 
curs by displacement of oxygen from 
hemoglobin with subsequent asphyxia; 
the large amount of hemoglobin pres- 
ent in the circulating blood would pre- 
sumably combine with a lethal amount 
of the gas before it could diffuse into the 
tissues. However, if some of the gas 
escaped into the tissues and there com- 
bined with the respiratory iron sys- 
tems, the effect would not be observed 
because of the subsequent manipula- 
tions of the excised tissues in the pres- 
ence of light. 

One of the most striking observations 
drawn from the data on cytochrome 
oxidase and cytochrome ¢ (table 2) is 
the relatively low value of all the tis- 
sues in comparison with the same tissues 
in the rat (table 1). The general order 
of activity of the tissues in man is more 
or less similar to that of the rat; e. g., 
heart muscle is by far the most active, 
liver, kidney and brain are intermedi- 
ate, while spleen and lung are among 
the lowest. Among the muscles, the 
catalytic activity in descending order is 
as follows: heart, diaphragm, skeletal, 
and bladder. Smooth muscle in gen- 
eral, which would include that of the 
uterus, has a low value for the catalytic 
respiratory systems studied. 

Again, the rate of oxygen consump- 
tion of certain of the tissue suspensions 
in the absence of added cytochrome c¢ 
but in the presence of p-phenylenedia- 
mine (v (observed) in table 2) is an 
appreciable fraction of the full cyto- 
chrome oxidase activity. Where this 
uptake was too small to be measured 
accurately, the fact is recorded by the 
designation (>0). 
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TABLE 2.—Response of suspensions of human normal and neoplastic tissue to added cytochrome 
c, in the presence of p-phenylenediamine (0.2 M)} 











v (cal- 
1" (ob- cu- 
served)‘ Sealy lated)? 
(cubie —_ (cubic 
_ ' maxi- | __milli- Re- xe milli- Re- 
issue Hospital “a meters sponse Cyto  pismees . Me- | sponse co 
No2 mum ¢ Op: per ob- chrome c ‘ wee oe wi ters O2 caleu- Copper 
(Qe) milli- | served 5 “Geer ™ Tr per lated § 
gram 10 / milli- 
per gram 
hour) per 
hour 
Milli- Milli- 
Per- grams Per- grams, 
Normal tissues: * cent percent cent percent 
Heart muscle 8.2+1.0 | 4,040.4 105 10.2+1.5 6.0 4.0 100 0.3+0.1 
Skeletal muscle 2.44 .2 t+ .2 2.44 .4 1.6 5 375 | .24.1 
Diaphragm mus¢cle 2.94% .2 9+ .2 2.8 .3 | 1.8 7 333 
Liver 28+ .3 8+ .1 2.32 .4 1.5 6 400 .8+.1 
Kidney 3.64 .4| 1.024 .2 244 .5 1.6 s 375) 54.1 
Brain 3.94 .2 + .1 2.32 .4 1.5 S 400 .32.1 
Thyroid 6+ .1 1 1.04 .2 & OS 70 | .24.1 
Spleen $+ .1 (>0 8+- .1 6 03 1,000 | .2+.1 
Pancreas ict . 1 1 St .] 6 05 1,000 | .2+ .1 
Adrenal. 7+ .2 8+ .1 6 06 1,000 .340 
Intestine 5+ .1 1 9 .2 a 06 857 | .24 .1 
Stomach 5+ .1 1 9+ .2 7 . 06 857 | .2+.1 
Uterus. ‘ 4 (>0) on 5 03 1.200 | .1 
Bladder .._-. 44 .2 (>0) -t+ .2 5 03 1.200  .04+ 02 
Prostate 2+ .1 (>0 8+ 2 6 02 1,000 .2+ .1 
Lung 4% .1 (>0) 7+ .1 5 03 1, 200 2+0 
Neoplastic tissues 
lhyroid adenoma (fetal C-370323 1. 42 .22 550 1.6 1.0 20 600 4 
Thyroid adenomas !? M-R3868* 9s 12 716 1.2 8 11 750 
Nodular goiter M-Qs24 40 (>0) 9 6 4 1, 000 2 
Colloid goiter M-Qs8214 48 (>0) 9 6 05 1, 000 3 
Thyroid adenoma, nodular 
goiter M-R3296* 38 (>0) y 6 4 1, 000 
Dermatofibrosarcoma pro- 
tuberans M-R3411* 68 (>0) 750 6 4 04 1, 500 
Hypertrophied prostate M-Q9091 42 (>0) 1.2 S 03 750 4 
Do M-R3382 40 (>0) y 6 . 03 1, 000 
Do M-Q9090 40 (>0) 1.3 8 04 750 
Do M-Q9114 42 (>0) 1.4 aa 05 tH .4 
Early prostatic adenocarci- 
noma C-374195* 32 (>0) s .5 . 03 1, 200 
Ovarian tumor granulosa '* M-Q9247 90 12 650 1.3 .8 ll 750 2 
Uterine fibromyoma_-. M-Q8380 34 (>0) 8 5 02 1, 200 2 
Do M-R3307* 48 me .4 02 1, 500 
Epiphyseal giant-cell tumor M-Qs8652 68 12 466 1.6 1.0 .10 600 3 
Giant-cell tumor possibly 
malignant. M-Q8905 54 eS 350 1.3 a 07 750 ae 
Chondrosarcoma, low grade-- C-319745 68 12 466 1.0 6 07 1, 000 2 
Mixed parotid tumor M-Qs8082 70 12 483 1.4 s 08 750 3 
Synovioma M-Q8473 i (>0 575 s 5 04 1, 200 3 
Unclassified spindle-cell sar- 
coma M-R3578* 48 (>0) 7 4 . 02 1, 500 
Unclassified connective-tissue 
tumor !7 M-R3622* .42 (>0) 6 c . 02 1, 500 i 
Recurrent melanoma (pig- 
mented)!§ C-350370* 32 19, 48 .8 5 . 02 1, 200 ‘ 
Melanoma (pigmented)? M-Qs8524 . 30 211.20 me .4 . 02 1, 500 
Melanoma (nonpigmented) M-Q9042 .35 (>0) a 4 .02 1, 500 5 
Desmoid tumor M-Q9492 . 56 (>0) 9 .6 .04 1, 000 2 
Muco-epidermoid carcinoma M-R3285* . 34 (>0) a 3 -02 | 2,000 ‘ 
Epidermoid carcinoma M-R3360* -42 (>0) 3 2 -01 3, 000 
Do : 44 (>0) 4 3 . 02 2, 000 i 
Malignant meningioma . 34 (>0) 3 2 01 3, 000 
Meningioma 2 (>0) 4 2 .O1 3, 000 1 
Bronchogenic carcinoma 22 
A-3783 .42 (>0) P al 2 01 3, 000 2 
Lymphosarcoma - M-Q9168 22 (>0) : 3 2 01 3, 000 2 


See footnotes at end of table. 
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TABLE 2.—Response of suspensions of human normal and neoplastic tissue to added cytochrome 
c, in the presence of p-phenylenediamine (0.2 M) *—Continued 














v (cal- 
VY’ (ob- cu- 
served) oe lated)? 
(cubic —_ (cubic 
eee milli- Re- wn milli- Re- 
Tissue a al = meters sponse Cyto- Po... -<ff 6. Me- | sponse | aynno 
02 mQ.) O2 per ob- chrome c yon ters O2 caleu- pper 
. milli- served 5 liter x per lated § 
gram ne milli- 
per gram 
hour) per 
hour) 
Milli- Milli- 
Per- grams Per- grams, 
Neoplastic tissues: '}“— Continued cent percent cent percent 
Early gastric adenocarcinoma C-369537 0. 2% (>0) 0.9 0.5 0. 01 1, 200 0.2 
Gastric adenocarcinoma M-Qs8562 . 38 (>0) 6 3 01 2, 000 .4 
Mucosal gastric carcinoma C-336902 28 (>0) . 2 01 3, 000 - 
Gastric adenocarcinoma M-Q8677 . 28 (>0) 4 2 01 3, 000 ss 
Do C-371203 .34 (>0) a 2 ol 3, 000 an 
Colon adenocarcinoma M-Q8764 50 (>0) 5 3 01 2, 000 . 
Splenic-flexure adenocarcino- 
ma C-370059 48 (>0) 5 3 .02 2, 000 a 
Cecum adenocarcinoma C-379946* . 40 (>0) .4 am 01 3, 000 
Malignant adenoma of sig- 
moid M-R3489* 5D (>0) .4 2 01 3, 000 
Colon adenocarcinoma M-R3666"* . 48 (>0) .4 on 01 3, 000 
Sigmoid adenocarcinoma C-76414 . 38 .4 a 01 3, 000 
Rectal adenoma C-73770 . 82 13 583 9 .6 . 08 1, 000 5 
Rectal adenocarcinoma M-Q8212 48 (>0) mo .4 . 03 1, 500 3 
Do C-365663 . 36 (>0) 7 4 .02 1, 500 a 
Do C-370367 0 (>0 5 a 02 2, 000 om 
Do M-Q8729 44 (>0) .4 2 01 3, 000 oa 
Do M-Q9491 .48 (>0) .4 3 .02 2, 000 3 
Mammary carcinoma M-QS8168 . 48 (>0) 4 2 02 3,900 2 
Do M-Qs8479 . 24 (>0) on =a 005 6, 000 2 
Do M Q9240 . 32 (>0) .3 2 01 3, 000 o 
Do M-Q9522 36 (>0) 3 .2 01 3, 000 —- 
Do M-R3297* . 42 (>0) 4 2 01 3, LOO 
Medullary mammary carci- 
noma M-R3341* 23 (>0) 2 ia 005 6,000 
Infiltrating duct carcinoma M-R3345* . 28 (>0) 3 2 01 3, 000 
All data give “3 on basis of wet weicht of tissue. 
? Prefixes M, Morr.— refer. respectively, to Memorial, New York, and Morrisania Hospitals. 
3 V maximum (V max. )=Q. (activity of cytochrome oxidase) =Cubic millimeters O2 per milligram per hour. Cytochrome 
¢ present =1X10-~ M. 


4 yp observed (v obs.) =oxygen uptake by tissue suspensions in the presence of p-phenylenediamine and in the absence of 
added cytochrome c in terms of cubic millimeters per milligram per nour. Values within experimental error are given as (>O) 
V maximum -—v (observ red) 100. 
v (observed) 
“alculated from observed values. 
’ v (calculated) is obtained from the Michaelis-Menten equation, wherein Km=6.0X10-®. (See text.) 
—v(e% ) 
V maximum —o(caleulated x10 km X10. 
v (calculated) i ytochrome c 
* Averaged values of each of the tissues of the five normal human subjects. (See text.) 
tine were cross sections. 
!° Unless otherwise indicated, all tissues studied were obtained within 2 hours after operation. 
asterisk following hospital number were studied fresh; all others were first frozen in dry ice. 
1! 67 percent epithelial cells. 
12 41 percent epithelial cells. 
13 12 percent epithelial cells. 
14 22 percent epithelial cells. 
5 15 percent epithelial cells. 
16 Considerable luteinization. 
Entire kidney replaced by “‘locally malignant” tumor. 
1§ 2.5 percent pigment. 


$ reptoent observed = 


§ Response calculated= 
Tissues from stomach and intes- 


Tissues indicated by 





1’ Oxygen consumption in the presence of excess cytochrome ¢ was 0.72 mm.’ per hour per milligram of wet tissue; with 
buffer instead of cytochrome c, it was 0.48, and with 0.01 M KCN instead of either water or cytochrome c, it was 0.40. 

20 15 percent pigment. 

2! Oxygen consumption in the presence of excess cytochrome ¢ was 1.50 mm.’ per hour per millicram of wet tissue; with 


wate r or 0.01 M KCN in place of the cytochrome ¢, it was 1.20. 
22 Material obtained 20 hours after death. 








The only data in the literature with 
which our values may be compared are 
those by Rosenthal and Drabkin (10) 
on the concentration of cytochrome ¢ in 
the human lung and the kidney cortex. 
The values for lung (table 2) agree well 
with those given by these authors, but 
our values for the kidney are consider- 
ably higher than theirs.’ It may be 
that this disparity is owing to the fact 
that we investigated the whole kidney 
whereas Rosenthal and Drabkin used 
the cortex only, an explanation which 
is strengthened by the statement of 
these authors that the kidney medulla 
contains more cytochrome ¢ than does 
the cortex (1/). 

Of all the normal tissues studied, liver 
has by far the greatest concentration of 
copper (table 2). There does not ap- 
pear to be any definite correlation of 
copper content with cytochrome oxidase 
activity, for the heart muscle, which is 
the most active tissue, has less copper 
than the liver. It may be that the liver, 
in contrast with the heart, may act asa 
storage center of copper, but there is no 
evidence to support this concept. On 
the other hand, it appears to be true that 
tissues low in cytochrome oxidase ac- 
tivity are on the whole relatively low in 
copper. Our values for the copper con- 
tent of the liver and spleen are in sub- 
stantial agreement with those pre- 
viously reported (29, 30). 

With few exceptions, the values for 
the activity of cytochrome oxidase and 
the concentration of cytochrome ¢ in the 
neoplastic human tissues are generally 
of a low order of magnitude as com- 
pared with normal human tissues, such 
as heart muscle, brain, liver, and kidney 
(table 2). One of the specimens of 
thyroid adenoma gave relatively high 
values for these components. On the 
other hand, the order of magnitude of 
these components in the majority of the 
neoplastic tissues studied is similar to 
that observed for such a group of nor- 
mal tissues as bladder, uterus, spleen, 
and lung. 
~ Since our values are given in terms of wet 
weight and those of Rosenthal and Drabkin in terms 
of dry weight, a factor of 4-5 has been used to 


divide the values they give so as to make the data 
comparable. 
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Study of the oxygen uptake of the 
suspensions in the absence of cyto- 
chrome ¢ (v (observed) in table 2) re- 
vealed that little of the total cytochrome 
oxidase activity of the tissues could be 
accounted for by the cytochrome oxi- 
dase-cytochrome ¢ system inherent in 
the tissues. Where the values were too 
low to measure the designation (>0) 
was used. 

The copper content of the neoplastic 
tissues did not appear to vary much 
from tumor to tumor, the order of mag- 
nitude for all these tissues appearing to 
be about the same. 

The only data in the literature with 
which certain of our results may be 
compared are those on the concentra- 
tion of cytochrome ¢ in adenocarci- 
nomas of the gastrointestinal tract, for 
which the average value of 3 mg. per 
100 gm. of dry, or roughly 0.6 mg. per 
100 gm. of wet weight of tissue, has 
been reported (70). The values given 
in table 2 for similar tissues are in sub- 
stantial agreement with this value. 


ENZYMATIC ACTIVITY AND THE PROPORTION 
OF EPITHELIAL CELLS 

The tumors studied were heterogene- 
ous, being composed of mixtures in vari- 
ous proportions of cellular and non- 
cellular elements, viz, cancer cells, con- 
nective-tissue cells, fibers, ete. <At- 
tempts have been made in various ways 
to correlate the chemical activity of can- 
cer tissues with the cellularity, either 
by visual estimation under the micro- 
scope of the number of such cells or by 
analysis of the nucleoprotein phos- 
phorus. (See (10) for earlier litera- 
ture.) The employment of what is re- 
ferred to as nucleoprotein phosphorus 
for an index of cellularity may be of 
rough use, but it rests upon somewhat 
uncertain aS The reasons for 
this lie in (1) the fact that nonlipid 
= hl need not necessarily be 
nucleoprotein phosphorus, and (2) the 
eventuality that even if all the phos- 
phorus so measured belonged to nucleo- 
proteins, the value obtained would be 
the amount of this element in a mixture 


8 See footnote 7. 
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of cells of varying nucleoprotein concen- 
tration, i, e., a tumor composed of a few 
cells of high nucleic acid content might 
give the same phosphorus value as a 
tumor composed of many cells of low 
nucleic acid content. There is at present 
no evidence that all cancer cells have 
the same proportion of nucleic acid, 
or even that any one kind of cancer 
cell has the same proportion of this 
acid at all stages. 

What promises to be the most useful 
and most accurate procedure of deter- 
mining the relative proportion of the 
various components present in a sam- 
ple of tissue is that of Chalkley (24). 
This method depends upon the re secede 
estimation, at various settings of the 
microscope, of the proportion of the 
various tissue components. The tech- 
nique is free from subjective error, and 
with a sufficient number of readings it 
is capable of attaining a high degree 
of accuracy in the most heterogeneous 
types of tissue. 

The application of Chalkley’s method 
is limited in the present study to the 
few neoplastic tissues which possess a 
relatively high enzymatic activity, that 
is, the thyroid tissues and the pigmen- 
ted melanomas. The maximum cyto- 
chrome oxidase activity exhibited by all 
the neoplastic tissues studied, with the 
exception of certain of the thyroid ade- 
nomas, was so low, the differences be- 
tween them so small, and the experi- 
mental error consequently so high rela- 
tively, that it was considered inadvis- 
able to attempt any correlation of such 
activity with the relative proportion of 
epithelial cells. In the thyroid tissues, 
however, there were several samples 
with widely varying cytochrome oxi- 
dase activity, and it was considered 
feasible to attempt such a correlation. 
The data in table 2 reveal! a satisfactory 
correlation. If it is assumed that each 
epithelial cell in the thyroid tissues pos- 
sesses the same activity regardless of 
the source, then by using tissue 
C-3703823 with 67 percent epithelial 
cells and 1.42 cytochrome oxidase ac- 
tivity as a base line, the activity of the 
other thyroid tissues may be calculated 


one 
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by simple proportion. The results are 
as follows: Tissue M—R3868 with 41 per- 
cent epithelial cells should give a cy- 
tochrome oxidase activity of 0.87, that 
found was 0.98; M-Q8264 with 12 per- 
cent epithelial cells should give an ac- 
tivity of 0.25, that found was 0.40; 
M-Q8214 with 22 percent epithelial 
cells should give an activity of 0.46, 
that found was 0.48 ; and M—R3296 with 
15 percent epithelial cells should give 
an activity of 0.32, while that found was 
0.38. 

By the same reasoning, the cyto- 
chrome ¢ content of M-R3868 should be 
1.0. that observed was 1.2; and of 
M-Q8264 it should be 0.3, that found 
was 0.9. Likewise the copper in 
M-Q8264 should be 0.08, that found was 
0.18; and in M-—Q8214 it should be 0.14, 
that observed was 0.25. The data for 
these components are not extensive, but 
there appears to be little correlation of 
the cell count with the copper content. 
In part, the discrepancies observed in 
certain instances between the calculated 
and the found values may be due to the 
ignoring of the contribution by other 
cellular | components of the tissues. In 
this connection it is interesting that 
the largest discrepancies of the enzyme 
and other components studied were in 
the tissue with the smallest proportion 
of epithelial cells, M—Q8264. 

MELANOTIC MELANOMAS 

The oxygen consumption of the sus- 
pensions of the highly pigmented mela- 
noma M-Q8524 in the presence of ex- 
cess cytochrome ¢ and p- or eee 
diamine was unusually high, 1.50 mm.* 
per milligram wet weight per hour. 
When the usual control of the suspen- 
sion in the presence of potassium cy- 
anide was performed, the oxygen con- 
sumption value was 1.20 mm.° per 
milligram per hour. When buffer was 
used in place of potassium cyanide, 
the figure was practically unchanged. 
There exists in this tissue, therefore, a 
highly active cvyanide-insensitive system 
which oxidizes p-phenylenediamine. 

Further study of this tumor appeared 
to be desirable, and the possible pres- 
ence of tyrosinase and of dopa oxidase 
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Figure 1.—Oxygen consumption of suspen- 
sions of a human melanotic melanoma 
M-Qs8524 (table 2). All mixtures con- 
tained 1 ec. of tissue suspension equivalent 
to 100 mg. wet weight of tissue. 

Curve 1, 1 ec. of suspension plus 1 ce. 
phosphate buffer at pH 7.2 plus 1 ce. of cyto- 
chrome ¢ (1 x 10* M). 03 ec. p-phenylene- 
diamine (0.2 M) in the side arm of the 
flask ; 

Curve 2, 1 ce. of suspension plus 1 ce. 
phosphate buffer at pH 7.2 plus either 1 ce. 
of the buffer or 1 cc. of 0.01 M potassium 
evanide. O03 ce. p-phenylenediamine (0.2 
M) in the side arm of the flask; 

Curve 3, 1 ec. of suspension plus 2 cc. 
phosphate buffer at pH 6.5, 0.5 ce. dihy- 
droxyphenlyalanine (0.01 M) in the side 
arm ; 

Curve 4, 1 ce. of suspension plus 2 ce. 
phosphate buffer at pH 6.5. 0.5 ce. tyrosine 
(0.01 M) in the side arm. 


Nore.—Controls of the suspension alone or 
vith added tyrosine or dihydroxyphenylala- 
nine in the presence of 1 cc. 0.01 M potassium 
cyanide yielded negligible consumption of 
oxygen. 


was investigated. One cubic centime- 
ter of a suspension of the tissue (equiva- 
lent to 100 mg. of wet tissue) was mixed 
with 2 ce. of phosphate buffer at pH 
6.5 in a Warburg flask and connected 
with a single manometer. After equi- 
librium at 38° C. was achieved, 0.5 cc. 
of an aqueous solution of either tyro- 
sine or dihydroxyphenylalanine (dopa) 
was added from the side arm of the 
flask. Readings were then made of the 
oxygen consumption every 5 minutes 
for a period of a little over 2 hours. 
The concentration of the substrates was 
0.01 M. The curves describing the up- 
take of oxygen in these mixtures are 
given in figure 1. 
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The curves for the uptake of the tis- 
sue suspension mixtures with either 
tyrosine (curve 4) or dilydroxyphenyl- 
alanine (curve 3) reveal that on the ba- 
sis of a consumption of five atoms of 
oxygen for the former substrate and of 
four atoms for the latter, the reactions 
are nearly complete within the period 
of time studied. Control runs made of 
the suspension in water alone, or with 
tyrosine or dihydroxyphenylalanine in 
the presence of 1 ec. of 0.01 M potassium 
cyanide, revealed negligible uptakes of 
oxygen. Tyrosinase and dopa oxidase 
are thus cyanide-sensitive systems. 

In contrast with tyrosinase and dopa 
oxidase, the system or systems which 
oxidize p-phenylenediamine in this 
tumor are practically insensitive to 
cyanide. The concentration of this sub- 
strate in mixtures of the tissue suspen- 
sion (100 mg.) and phosphate buffer at 
pH 7.2 was 0.2 M; 0.3 cc. of the substrate 
solution was added from the side arm 
(curve 2). Curve 2 shows the oxygen 
consumption whether 1 ec. of cyanide 
was present or absent. 

The presence of tyrosinase and of 
dopa oxidase in mouse melanotic mela- 
nomas was unequivocally shown by 
Hogeboom and Adams (37). The pres- 
ence of cyanide-insensitive svstems 
which oxidize p-phenylenediamine in 
mouse melanotic melanomas was first 
shown by Greenstein and Algire (32) ; 
in the course of this study it was ob- 
served that the amelanotic melanomas 
of the mouse are completely lacking in 
any of the systems which oxidize tyro- 
sine, dihydroxyphenylalanine, or p- 
phenylenediamine. Study of the non- 
pigmented melanoma M-Q9042 (table 
2) revealed that addition of cyanide to 
the suspension of the tissue with p- 
phenylenediamine caused the oxygen 
consumption of the mixture to become 
negligible. The presence of the sys- 
tems which oxidize these substrates is 
connected with the formation of pig- 
ment and not with the fact that they 
may be observed in a melanoma.® 

*In the course of the interminable controversies 
over the dopa reaction of Bloch (33), it was pointed 


out that p-dimethylaminophenylenediamine was oxi- 
dized by pigmented tissues (3/). 
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The activity of the highly pigmented 
tumor M-Q8524 toward all the sub- 
strates was far greater than that ob- 
served for the melanotic mouse mela- 
nomas (37, 32). Another less highly 
pigmented human melanoma, C-350370 
(table 2), showed considerably lower 
activity toward the substrates; al- 
though the oxidation of p-phenylene- 
diamine by suspensions of this tumor 
was vigorous, addition of cyanide 
caused the rate of uptake to drop from 
0.48 to 0.40 mm.* oxygen per milligram 
per hour. A part of the p-phenylene- 
diamine-oxidizing system in this tumor 
was thus sensitive to cyanide, an obser- 
vation similar to that made on the pig- 
mented mouse melanomas (32). The 
nature of the cyanide-insensitive sys- 
tems in the melanotic melanomas, 
whether of the mouse or of human 
beings, is not known at the present time. 
Observations of dilute reduced suspen- 
sions of the tumors with a hand spec- 
troscope failed to reveal any trace of 
the absorption bands characteristic of 
cytochrome b, 

The proportion of melanin in mela- 
nomas M-Q8524 and C-350370, esti- 
mated by the method of Chalkley, was 
15 and 2.5 percent, respectively, (by 
area). It may be presumed that the 
relative amount of melanin present in 
these two tissues is a reflection of the 
respective activity in the tissues of the 
melanin-forming enzymes. The ratio 
of melanin in the former to that of the 
latter is 6:1. The ratio of the activity 
of the cyanide-insensitive systems 
which oxidize p-phenylenediamine is, 
for the same tissues, 3:1. The cor- 
responding ratio of tyrosinase is 4:1, 
and of dopa oxidase 5:1. The correla- 
tion of the melanin ratio with those of 
the tyrosinase and of the dopa oxidase 
is fairly satisfactory. The ratio of the 
melanin in the two tissues is not so 
satisfactorily correlated with the ratio 
of the p-phenylenediamine-oxidizing 
systems. The direction is the same as 
that of the other systems, but the order 
of magnitude is smaller. Whether a 
better correlation should be expected is 
perhaps doubtful since the p-phenylene- 


diamine-oxidizing system may only be 
a variable adjunct to the dopa oxidase 
and the tyrosinase systems which actu- 
ally produce the melanin. The cyto- 
chrome oxidase activity is apparently 
independent of the presence of melanin 
or of the melanin-forming enzymes 
(table 2). 


RESPONSE OF TISSUE SUSPENSIONS TO 
ADDED CYTOCHROME c IN THE PRESENCE 
OF p-PHENYLENEDIAMINE 


The oxygen-consumption data (given 
in parentheses in table 2), relating to 
the uptake by the mixture of tissue sus- 
pensions and p-phenylenediamine in 
the absence of added cytochrome c, are 
interesting inasmuch as they reveal the 
over-all activity of the cytochrome oxi- 
dase-cytochrome c¢ system in these sus- 
pensions. That cytochrome ¢ is never 
present in excess in any of the tissues 
studied is shown by the fact that when 
an excess of this component is added, 
the oxygen consumption is increased. 
The limiting factor in the respiration 
of the suspensions in the presence of 
excess cytochrome oxidase is thus the 
concentration of cytochrome c. This 
statement is supported by the considera- 
tion that the cytochrome oxidase-cyto- 
chrome ¢ system is composed of an 
enzyme-substrate complex subject to 
kinetic interpretation. 

In the presence of p-phenylenedia- 
mine, the addition of increasing 
amounts of cytochrome ¢ to a fixed 
amount of cytochrome oxidase produces 
an increasing velocity of oxygen con- 
sumption up to a point beyond which 
further additions are without effect. 
The maximum velocity reached is 
directly proportional to the activity of 
different preparations of cytochrome 
oxidase or to the actual amount used of 
the same preparation of oxidase. Stotz, 
Altschul, and Hogness (35) showed 
that the enzyme-substrate relations 
under these conditions can be repre- 
sented by the Michaelis-Menten equa- 
tion as follows: 


_V maximum XS 


—_ 4 
Km+S (+) 
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where Vo maximum is the maximum 
velocity elicited by the oxidase prepara- 
tion in the presence of excess cyto- 
chrome ¢, S is the cytochrome ¢ concen- 
tration in mols per liter, 7 is the veloc- 
ity of oxidation for various concentra- 
tions of cytochrome ce, and Am is the 
equilibrium constant of the reaction. 
The authors (35), using the Lineweaver 
and Burk analysis (36) of these rela- 
tions, calculated a value for Am of 
5.8x 10° mols. We have repeated these 
studies on our preparations of cyto- 
chrome oxidase and cytochrome ¢ and 
have confirmed the work of Stotz, 
Altschul, and Hogness. Our calculated 
value for Am is 6.0 x 10° mols. 

Since the Michaelis-Menten relation- 
ship holds in the case of the tissue sus- 
pensions, it should be possible to 
predict the oxygen uptake of such 
suspensions in the presence of p-phenyl- 
enediamine (values in table 2) from the 
values of the measured cytochrome oxi- 
dase activity (Vv maximum), measured 
cytochrome ¢ content, and Am. The 
substitution of these values in equation 
4 should yield the observed respiration 
of the tissue suspensions. That this 
relation comes close to representing the 
conditions within the suspensions is re- 
vealed by the data in table 2. 

The values of v (calculated) in table 
2, calculated from the Michaelis-Menten 
equation, are of the same order as those 
of v (observed), referring to the oxygen 
consumption of the suspension only in 
the presence of p-phenylenediamine. 
The rate can, therefore, be closely ac- 
counted for in terms of the activity of 
evtochrome oxidase and the concentra- 
tion of cytochrome c¢, in the tissue sus- 
pensions. The concentration of cyto- 
chrome ¢. in mols per liter, was cal- 
culated for each tissue from the 
values given in the table, on the basis 
that all the wet tissue was water; 
actually, of course, if the solids were 
subtracted from the tissue weight (or 
volume), the concentration of cyto- 
chrome ¢ would be expressed in higher 
values, thereby leading to higher + 


(calculated) values and _ still better 
agreement with the values of v (ob- 
served). These corrections were not 
made since the proportions of solids in 
the various tissues were not estimated. 
The molecular weight of cytochrome c 
was taken as 16.C00."° 
The observed response of each of the 
tissues is given in table 2 in terms of the 
following equation: 
Percent response observed = 
} maximum — v (observed). 


100 «5) 
v (observed) ‘ 


By “response” is meant the degree to 
which the particular tissue suspension 
responds by increased oxygen consump- 
tion when excess cytochrome ¢ is added. 
Since it is clear that in all the tissues 
studied, the oxygen consumption is lim- 
ited by the cytochrome ¢ concentration, 
such response of the tissue will be in- 
versely proportional to the cytochrome 
e concentration. The calculated per- 
centage response is thus given by the 
equation : 
Percent response (calculated) = 

V maximum — ¢r (calculated). ina k™ 100 on 

v tealeulated) 8 

where S is the cytochrome ¢ concentra- 
tion in mols per liter (table 2). The 
values of » (calculated) and of the per- 
cent response (calculated) are uni- 
formly lower than the corresponding 
observed values but are sufficiently close 
to justify the methods of calculation 
and the inferences upon which they 
are based. As stated previously the 
small differences between observed and 
caleulated values may be owing to the 
somewhat arbitrary procedure in cal- 
culating the cytochrome e¢ concentra- 
tion on the basis of mols per liter while 
neglecting the proportion of solids. 


The validity of the Michaelis-Menten equation 
(table 2) indicates that cytochrome c¢ can in effect 
be determined in tissues in two ways: (1) By di- 
rect analysis of the tissue, i. e.. enzymatically 
(Stotz’s method) or spectroscopically: or (2) by 
the use of the Michaelis-Menten equation, i. e., by 
substituting therein the measured value of cyto- 
chrome oxidase (V maximum), the measured value 
of vr, and the value of Km, and finally solving for 
S, the concentration of cytochrome c. 
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RESPONSE TO ADDED CYTOCHROME C IN RAT 
TISSUES 

In order to see whether the relations 

shown to hold in the case of human tis- 


scribed. The data are given in table 4. 

The enzymatic activity appears to be 
greatest in the tissues of the rat, less in 
those of the mouse, still less in the tis- 


sues also hold for the tissues of other 
species, the data in table 1 have been 
similarly caleulated and are given, to- 
gether with the data of other investi- 
gators, in table 3. 

It is clear that the values of v (ob- 
served) are very nearly the same as 
those of v (calculated) in those in- 
stances for which the data for cyto- Man Mouse? Rat, @uineal Rab- 
chrome ¢ content and the oxygen con- ps | be 
sumption of the suspensions are known. 


sues of the guinea pig, and least in the 
tissues of the rabbit and of man. The 


TABLE 4—Comparative cytochrome oxidase 
activity (Qc) of the normal tissues of vari- 
ous species * 





Cytochrome oxidase activity of 


Tissue 


Liver 


2.8 8.0 11.8 4.2 2.9 

Spleen 4 2.0 4.3 9 8 

CYTOCHROME OXIDASE IN VARIOUS SPECIES Kidney 3.6 11.0 | 14.01 5.4 4.7 
Heart 8.2 18.6 40.2 9.6 9.5 

» ° ° ° Brain 3.9 9.6 13.0 6.0 4.9 

Asa matter of comparative biochemi- Muscle (skeletal) 24/ 28/63) 16) 20 





cal interest, the cytochrome oxidase of 
certain tissues of various species were 
determined and compared. All pro- 
cedures were the same as those de- 


All data given on tissue-wet-weight basis; average of 
several determinations. Q-=cubic millimeters O) per 
milligram per hour. 

?A and C3H mic + No strain differences were observed 

Buffalo rats. 


TABLE 3.—Response of suspensions of normal and neoplastic tissues of the rat to added excess 
cytochrome ¢ 





v (observed 
(cubie milli- 


Calculated rv (calculated) 
cytochrome (cubic milli- Response 





rissue Reference RA... meters Op» per pee ame cintissue meters Op per calcu- 
ve milligram ~— (mols per milligram lated 4 
per hour liter x 10 per hour) 

Percent Percent 
Liver Table 1 11.8 7.0 70 5.5 5.6 109 
Jensen sarcoma Table 1 1.6 22 627 7 17 857 
Liver (9 30.9 5.0 14.0 120 
Hepatoma 31 (9) 6.8 2.0 1.7 300 
Heart 2 6 89.0 33.1 5S. 4 18 
Kidney 2 37.2 20. 6 28.8 28 
Muscle 2 15.9 10.0 9.9 61 
Brain 2 36. 0 4.6 15.6 131 
Liver. 2 13.7 4.2 5.6 144 
Spleen (2 13.1 3.0 4.4 1) 
Lung (2 9.8 1.8 2.3 333 
Tumor R256 (2) 23.3 a 8 3, 000 
Spontaneous tumor (2 20.8 oa 3 6, 000 
Heart (4, 5) 1. 699 3.2 1, 350 26 
Kidney (4, 5) 695 15.4 501 38 
Muscle 4,5) 271 6.1 136 98 
Brain (4, 6) 176 3.2 165 187 
Liver (4.5 479 5.6 231 107 
Spleen 4,5) 222 2.6 “7 231 
Lung (4, 5) 109 1.3 19 461 
Flexner-Jobling tumor (4.5 100 7 10 857 
Walker 256 carcinoma (4, 5) 80 6 7 1, 000 
Jensen sarcoma (4.5 148 7 15 857 
Hepatoma 4. 151 & 25 SOO 





Buffer substituted for cytochrome c; on basis of wet weight of tissue 
V maximum—pr (observed) 
Response observed =— served) «100. 
v (observed 
v calculated is obtained from the Michaelis-Menten equation, wherein Am=6.0X10~. 
V maximum -—-r (calculated) km 
X100, or A 100 
v (calculated Cytochrome c 
Cytochrome oxidase activity in cubic millimeters Og per hour per milligram wet weight of tissue. 

° Cytochrome oxidase activity in activity units per milligram dry weight. 1 unit causes an increase in oxygen consumption 

of 10 mm.3 per hour (2). 


* Corrected cyctochrome oxidase activity in cubic millimeters O2 per hour per milligram dry weight of tissue 


Response calculated= 
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relative order of activity of the tissues 
in each of the species studied is just 
about the same. The relatively weak 
activity of the human tissues is note- 
worthy. 

NORMAL TISSUES OF PATIENTS WITH 

CANCER 

The liver, spleen, and lymph nodes of 
two patients who died of leukemia 
were examined after necropsy. The 
data are given in table 5. 
TABLE 5.—<Activity of cytochrome oridase and 


the concentrations of cytochrome ec and of 
copper in the tissues of two patients’ 





Cyto- Cryto- - 
Patient AWLOPSY — issue CHFOME chrome COP~ 
(Q. ¢ 
Milli- Milli- 
grams grams 
pet. pet. 
Spleen 0. 30 0. 30 
P. I. Q-8031 Liver 2. 96 232 85 
Lymph nodes 24 
Spleen 28 40 
M.s.4 Q-9179 {Liver 2. 96 2.4 75 
Lymph nodes 24 30 





All data given on basis of wet weight of tissue. Q,.=Cu- 
bic millimeters O» per milligram per hour. 
? From the Memorial Hospital. 
Received extensive X-radiation from 1942 to death (Oct. 
29, 1943). Died of leukemia; tissues were obtained 2 hours 
ifter death and were frozen in dry ice. 
‘ Received X-radiation from Jan. 14, 1942, to Aug. 25, 1943. 
Died of general lymphatic leukemia; tissues were obtained 2 
hours after death and were frozen in dry ice. 


Comparison of the data (table 5) with 
those on the same tissues (table 2) re- 
veals that little if any effect of the 
leukemic condition was exerted on the 
activity of cytochrome oxidase and on 
the concentrations of cytochrome ¢ and 
copper, at least in the tissues studied. 
Shack (9) observed that the cytochrome 
oxidase activity of the tissues of tumor- 
bearing animals was unaffected by the 
presence of the tumor. 

DISCUSSION 

The data in table 2 illustrate the essen- 
tial differences between the kinds of 
tissues. The normal human tissues ap- 
pear to be divisible into two categories : 
(1) Heart, skeletal, and diaphragm 
muscle, liver, kidney, and brain; and 
(2) the remainder of the normal tissues 
listed in the table, thyroid, spleen, pan- 


creas, adrenal, intestine, stomach, 
uterus, bladder, prostate, and lung. 
The tissues in category 1 have in suspen- 
sion a high cytochrome oxidase activity, 
a high cytochrome ¢ concentration, and 
a correspondingly low response value. 
It will be recalled that the percentage 
response represents the percent increase 
in the oxygen consumption in the pres- 
ence of excess cytochrome ¢ and p- 
phenylenediamine over the oxygen con- 
sumption of the tissue suspension alone 
in buffer in the presence of p-phenyl- 
enediamine. The tissue suspensions in 
category 2 possess a uniformly low 
cytochrome oxidase activity and cyto- 
chrome ¢ content and a correspondingly 
higher response value. The calculated 
response range among the tissues of cate- 
gory 1 is 100 to 400, and that among the 
tissues of category 2 is 750 to 1,200. 

The neoplastic-tissue suspensions de- 
scribed in table 2 may also be divided 
into two categories: category 3. which 
includes specimens of which the cal- 
culated response lies between 600 and 
1.200, a range similar to that of cate- 
gory 2 of the normal tissues; and cate- 
gory 4 which includes specimens of 
which the response range lies between 
1.500 and 6,000. Categories 2 of normal 
tissues and 3 of neoplastic tissues thus 
overlap. The various categories may 
be summarized as follows: 

Category 1.—Caleulated percent response 
range 100-400. Only normal tissues, i. e., 
heart, skeletal, and diaphragm muscle, liver, 
kidney, and brain. Cytochrome c¢ content 
varies from 1.5-6.0 mols per liter. 

Categories 2 and 3.—Caleulated percent 
response range 600-1,200. Category 2 is com- 
posed of the normal tissues—thyroid, spleen, 
pancreas, adrenal, intestine, stomach, uterus, 
bladder, prostate, and lung; and category 3 is 
composed of the neoplastic tissues—thyroid 
adenomas, hypertrophied prostates, early 
prostatic adenocarcinoma, granulosa-cell 
tumor of the ovary, uterine fibromyomas, 
giant-cell tumors. chondrosarcoma, mixed 
parotid tumor, synovioma, desmoid tumor, 
early gastric adenocarcinoma, and large rectal 
adenoma. Cytochrome ¢ content varies from 
0.5 to 1.0 mols per liter. 

Category 4—Calculated percent response 
range 1,500-6.000. Only neoplastic tissues, 
including spindle-cell sarcoma. malignant 
melanomas, epidermoid carcinoma, malignant 
meningioma, bronchogenic carcinoma, lym- 
phosarcoma, mammary carcinoma, and gas- 
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tric, colonic, and rectal adenocarcinomas, 
Cytochrome ¢ content varies from 0.1-0.4 mols 
per liter. 

The normal tissues in category 1 are 
those in which spontaneous neoplasms 
are less frequently found. The in- 
cidence of neoplasia among the tissues 
of category 2, is relatively high. The 
neoplasms of category 3 are mostly of 
a benign variety or else represent an 
early manifestation of malignancy. 
The neoplasms in category 4 are all 
highly malignant. There are some in- 
stances of overlapping among the 
tumors, i. e.. one of the samples of mela- 
noma could be placed in category 3, and 
one of the uterine fibromyomas could be 
placed in category 4. The dividing line 
between these categories has of course 
been arbitrarily drawn, and it would be 
surprising if there were not a few in- 
stances of overlapping. However, it is 
interesting to observe the classification 
of the tissues on the basis of the criteria 
selected. Since the calculated re- 
sponses of the various tissues are an 
inverse function of the cytochrome ¢ 
content of the tissues, the categories are 
based fundamentally on the proportion 
of this component. Category 1, in 
which neoplasia occurs infrequently, has 
a high proportion of evtochrome ¢; cate- 
gory 2, in which neoplasia occurs fre- 
quently, and category 3, consisting of 
neoplasms in a relatively benign state, 
possess intermediate concentrations of 
cytochrome ¢; and category 4, consist- 
ing entirely of malignant tumors, has 
the lowest proportion of cytochrome ec. 

In all the tissues of any category, in 
relation to the content of cytochrome ce, 
cytochrome oxidase is present in excess. 
This excess is relatively smal! for the 
tissues of category 1, relatively large 
for those of category 4, and _ inter- 
mediate for the tissues of categories 2 
and 3. In any event, the relationship 
between cytochrome oxidase and cyto- 
chrome ¢ may be expressed by the 
Michaelis-Menten equation as revealed 
by the data in table 2. As far as the 
absolute values for cytochrome oxidase 
activity are concerned, the tissues in 
category 1 form a single group char- 
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acterized by relatively high values, 
while the other tissues, with the pos- 
sible exception of the thyroid adenomas, 
form a group characterized in general 
by values of cytochrome oxidase activity 
all of the same order of magnitude. 

Inspection of the data in table 3 re- 
veals that in analogy with and similar 
to the case of the human tissues, the rat 
tissues may be divided into categories : 
category 1 having the lowest percent 
calculated response and including only 
normal tissues, heart and skeletal mus- 
cle, liver, kidney, and brain; category 
2 containing the normal tissues 
spleen and lung; and category 3 con- 
taining the hepatoma (categories 2 
and 3 possess intermediate response 
values); and finally category 4 hav- 
ing highest response values and con- 
sisting only of the neoplasms, tumor 
R256, the Flexner-Jobling carcinoma, 
the Walker 256 carcinoma, and the Jen- 
sen sarcoma. There is little doubt that 
the tumors in category 4 are malig- 
nant; whether the hepatoma should be 
classified as benign or malignant has 
been open to question (37). 

We have classified the various tissues 
on the basis of the relation of cyto- 


chrome ¢ to cytochrome oxidase. It 
is clear that malignancy is char- 


acterized by the widest disparity be- 
tween the components of the cyto- 
chrome oxidase-cytochrome c¢ system. 
In relation to the activity of cyto- 
chrome oxidase, malignant tissues have 
the lowest proportion of cytochrome c. 
It is for this reason that, when to such 
tissues an excess of cytochrome ¢ is 
added, the response in the form of pro- 
portionate increase in oxygen consump- 
tion is the greatest. The statement has 
often been made that malignant tumors 
are low in cytochrome ¢ (4, 10). This 
statement appears to be generally true. 
It is of greater interest, however, to 
point out the relation of such content 
of cytochrome ¢ to the activity of the 
accompanying oxidase. It may be fur- 
ther pointed out that tumors of a be- 
nign type (or less malignant) have no 
less cytochrome ¢ than have a great 
many normal tissues. 








~ 
i] 


The data in the literature on the 
respiration of surviving human tissue 
slices are very meager. Inspection of 
the data assembled by Burk (@) and of 
the recent observations by Roskelley, 
Mayer. Horwitt, and Salter (38) re- 
veals that the Qo. values of normal and 
neoplastic human tissues may range 
from 1.0 to 13.3 mm.* per hour per 
milligram dry weight. On a_ wet- 
weight basis, this range becomes rough- 
ly 02 to 2.6. Most of the tissues 
appear to vield a value near 1.0 on the 
wet-weight basis, and this value may 
be adopted as a rough approximation, 
or better, perhaps, as an order of mag- 
nitude. Because of the paucity of the 
data and the uncertainties inherent in 
the comparison of absolute respiration 
data from several independent groups 
of investigators, the comparison of the 
data in this paper with the value 1.0 
is admittedly hazardous. It is our be- 
lief, nevertheless, that this value is at 
least representative of the tissues stud- 
ied. With these reservations in mind, 
we may attempt the following compari- 
son: The maximum cytochrome oxi- 
—_ activity of the tissues in category 

(1° maximum in table 2) is consider- 
ab lv greater than necessary to account 
for the respiration on the basis of the 

value of 1.0. In these tissues, cyto- 
chrome ¢ is not present in excess, and 
consequently the maximum cytochrome 
oxidase activity is not observed. If the 
assumption is made that the cyto- 
chrome oxidase and cytochrome ¢ in- 
teract in the tissue as they do in sus- 
pension, i. e., if we neglect the role of 
the structure of the cell, the respira 
tion of the tissues in category 1 can be 
nearly accounted for on the basis of the 
cytochrome ¢ present (7 (observed) in 
table 2). Heart muscle contains a con- 
siderable reserve of cytochrome ¢ for 
the value of » (observed) (table 2) is 
much greater than necessary to account 
for the value of 1.0 for the respiration. 
The tissues in category 1, heart, skele- 
tal, and diaphragm muscle, liver, kid- 
ney, and brain, apparently possess 
either enough or more than enough cy- 
tochrome ¢ and cytochrome oxidase to 
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account for their respiration. These 
tissues are highly active metabolically. 

On the other hand, the maximum ac- 
tivity of cytochrome oxidase in the tis- 
sues of categories 2 and 3 (with the 
exception of two of the thyroid ade- 
nomas) and 4 is generally lower than 
the value of 1.0 for the respiration of 
the tissues, while the oxygen consump- 
tion of the suspensions due only to the 
actual amount of cytochrome ¢ present 
(v (observed) or v (calculated) in table 
2) is only a very small fraction of that 
necessary to account for the tissue respi- 
ration. This observation is particu- 
larly true for the malignant tissues of 
category 4. Somewhat similar observa- 
tions may be made in the case of the rat 
tissues (table 3). The maximum cyto- 
chrome oxidase activity of rat liver (V 
maximum) and the consumption of 
oxygen limited by the cytochrome ¢ con- 
centration (7 (observed) or v (caleu- 
lated) ) are more than sufficient to ac- 
count for the respiration of this tissue. 
As Shack (9%) pointed out earlier, this 
tissue possesses an oxidative reserve, 
On the other hand, in the case of the 
Jensen rat sarcoma, the maximum cyto- 
chrome oxidase activity is barely more 
than the value of the respiration for this 
tissue while the oxygen consumption 
limited in the suspension by the cyto- 
chrome ¢ concentration (7v (observed )) 
is considerably less than that of the 
respiration of the tissue slices. 

The disparity between the respira- 
tion value for the tissues in categories 
2, 3, and especially 4 and the cytochrome 
respiration may be owing to either one 
of two factors or to both: (1) That it 
is necessary to take into account the 
structure and integrity of the cell. i. « 
comparisons between whole cells and 
suspensions are extremely limited if not 
improper; and (2) that the respiration 
of the tissues includes contributions by 
other systems in addition to that of 
cytochrome. If there is any validity to 
the second of these factors, it would 
appear that the cytochrome system 
plays only a minor role in the respira- 
tion of malignant neoplasms. The 
utilization of oxygen by these tissues 
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for the burning of substrates must pro- 
ceed mainly by systems other than cyto- 
chrome. Further speculation along 
these lines would be unprofitable in 
view of the limited data now available. 

Greenstein and Thompson (/6) as- 
sembled data on a number of enzyme 
systems in a wide variety of normal and 
neoplastic tissues of mice. These data 
revealed that the range of activity of 
each catalytic system was much nar- 
rower among the tumors than among 
the normal tissues. The view was ex- 
pressed that from the standpoint of 
enzymatic catalysis “tumors resembled 
each other more than they resembled 
normal tissues, or than normal tissues 
resembled each other.” Independently 
of the etiology of the tumor, or of the 
tissue from which it arose, or of the 
strain of animal in which it was found, 
the enzymatic activities of the tumors 
appeared to converge to those of a com- 
mon type, i. e., the diversity of pattern 
of the normal tissues was absent in the 
tumors. 

The range of cytochrome oxidase ac- 
tivity among the normal human tissues 
(table 2) was from 8.2 for heart to 0.2 
for the prostate, and the corresponding 
range among the malignant neoplasms 
from 0.48 to 0.22. If all the neoplastic 
tissues are considered, the range was 
1.42-0.22. In any case, the range among 
the normal tissues was much greater 
than among the neoplasms. The ma- 
lignant neoplasms appeared to have an 
extremely narrow range of cytochrome 
oxidase activity, a feature of this class 
of tissues which is independent of the 
tissues of origin and which appears to 
hold for both human and for mouse 
tissues, 

_The range of cytochrome ¢ concentra- 

tions in the normal human tissues was 
10.2-0.7 (table 2) ; among the malignant 
human neoplasms this range was 0.4— 
0.2; among all the neoplastic tissues, 
benign and malignant, the correspond- 
ing range was 1.6-0.2. Again, the 
range of this component was greater 
among the normal tissues than among 
the neoplasms. 

The copper content of the normal hu- 
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man tissues varied from 0.04 mg. per- 
cent for bladder to 0.8 for liver; the 
range among all the neoplasms was 
0.1-0.5 mg. percent. Again the range 
among the neoplasms was considerably 
narrower than among the normal 
tissues." 

The tissues, both normal and _ neo- 
plastic, of the human being possessed 
lower cytochrome oxidase activity and 
cytochrome ¢ concentration than did 
the comparable tissues of the other 
species studied. However, the ratio of 
the response values of certain normal to 
certain neoplastic tissues was essentially 
similar in both rat and human. Thus 
the ratio of the calculated percent re- 
sponse values of liver to Jensen sarcoma 
in the rat was roughly 1:8 (table 3); 
and the corresponding ratio of human 
liver to the malignant human neo- 
plasms ranged from 1:4 to 1:15 (table 
2). The median value for human tis- 
sues was thus close to the value given 
for the rat tissues. 


SUMMARY 


About 80 normal human tissues of 
various kinds and about 60 human neo- 
plasms were examined for cytochrome 
oxidase activity and cytochrome ¢ con- 
tent. In certain of the normal and neo- 
plastic tissues, the copper content was 
also determined. The cytochrome oxi- 
dase activity and the cytochrome ¢ con- 
tent of the tissues appeared to be 
largely independent of the time of 
standing before the tissues were tested 
(maximum period, 4 hours), of freez- 
ing in dry ice prior to testing, or of 
the death of the host by inhalation of 
carbon monoxide. Control experiments 
on the normal and neoplastic tissues of 
the rat were likewise made, yielding re- 
sults in accord with those on human 
tissues. 

The rate of oxygen consumption by 
the tissue suspensions in buffer and in 
the presence of p-phenylenediamine 
was determined. It was shown that 


™ Robertson (39) showed that the ascorbic acid 
content of a variety of animal tumors was much 
narrower in range than that of a number of normal 
animal tissues. 











74 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


this rate could be closely predicted by 
the Michaelis-Menten equation from the 
values of the actual cytochrome ¢ con- 
tent of the tissues, the cytochrome oxi- 
dase activity (rate of oxygen uptake in 
the presence of added excess cytochrome 
c), and the Michaelis-Menten constant. 
The rate of oxygen consumption by the 
tissue suspensions was limited by the 
cytochrome c¢ concentration; cyto- 
chrome oxidase was always present in 
excess. When excess cytochrome ¢ was 
added to the various tissues, the rate of 
oxygen consumption increased, and this 
proportionate increase fell within cer- 
tain numerical limits for certain kinds 
of tissues. 

Four categories were made based 
upon this proportionate increase or per- 
cent response as follows: 

Category 1, in which the percent re- 
sponse ‘Tanged from 100 to 400, included 
only the normal tissues—heart, skel- 
etal, and diaphragm muscle, liver, kid- 
ney, and brain. 

Categories 2 and 3, in which the per- 
cent response ranged from 600 to 1,200, 
included, respectively, the normal tis- 
sues (thyroid, spleen, pancreas, adrenal, 
intestine, stomach, uterus, bladder, 
prostate, and lung) and the neoplastic 
tissues (thyroid adenomas, hyper- 
trophied prostates, early prostatic 
adenocarcinoma, granulosa-cell tumor 
of the ovary, uterine fibromyomas, 
giant-cell tumors, chondrosarcoma, 
mixed parotid tumor, synovioma, 
desmoid tumor, early gastric adenocar- 
cinoma, and large rectal adenoma). 

Category 4, in which the percent re- 
sponse “ranged from 1,500 to 6,000, in- 
cluded only the neoplastic tissues: 
spindle-cell sarcoma, malignant mela- 
nomas, epidermoid carcinoma, malig- 
nant meningioma. bronchogenic carci- 
noma, lymphosarcoma, mammary car- 
cinoma, and gastric, colonic, and rectal 

adenocarcinomas. 

A few of the tumors overlapped these 

categories; but it may be stated that in 
gene xral the normal tissues in category 
1 were those in which spontaneous neo- 
plasms are less frequently found, the in- 
cidence of neoplasia among the tissues 


of category 2 was relatively high, the 
neoplasms of category 3 were mostly of 
a benign variety or else represented an 
early development of the malignant 
state, and finally the neoplasms in cate- 
gory 4 were all highly malignant. It is 
possible, therefore, to describe groups 
of normal and neoplastic tissues in 
terms of their cytochrome ¢ content. In 
this regard, an entire series of normal 
and of neoplastic tissues, 2 | 3, fell 
in the same category. 

It is pointed out that rat tissues may 
be classed in similar low, medium, and 
high categories, i. e., heart and skeletal 
muscle, liver, kidney, and brain in cate- 
gory 1, spleen and lung in category 
2, the hepatoma in category 3, and 
tumor R256, the Flexner-Jobling car- 
cinoma, and the Jensen sarcoma in cate- 
gory 4. 

The possible relation of the respira- 
tion of the various surviving tissues to 
the cytochrome respiration ‘of the cor- 
responding suspension was discussed. 
The assumed respiration of heart, skel- 
etal, and diaphragm muscle, heart, kid- 
ney, and brain tissue may be readily 
accounted for in terms of the cyto- 
chrome c-cytochrome oxidase system. 
On the other hand the cytochrome sys- 
tem of all the other tissues, and espe- 
cially that of the malignant neoplasms, 
accounted for only a small fraction of 
the respiration of these tissues in intact 
cellular form. 

The activity of cytochrome oxidase of 
the normal human tissues in category 
1 was of the same high order of mag- 
nitude for all the tissues; the activity of 
this enzyme in the t tissues of categories 

. 3 (with the exception of certain of 
‘he thyroid adenomas), and 4 was 
lower, and of very nearly the same order 
of magnitude throughout. Taken as a 
whole, the range of activity of cyto- 
chrome oxidase and of concentration of 
cytochrome ¢ was much narrower among 
all the neoplastic tissues than among all 
the normal tissues. 

The cytochrome oxidase activity of 
the same kinds of normal tissue in 
various species of animals was deter- 
mined. Human tissues gave the lowest 
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values. The ratio of cytochrome ¢ in 
the liver to that of the Jensen sarcoma 
in the rat was roughly 8:1, and the 
ratio of this component in the liver to 
that in the malignant group of human 
neoplasms was 4-15: 1. 

The determinations of copper in the 
normal and neoplastic human tissues 
revealed little of significance. Liver 
| possessed the highest value of all the 

tissues studied. The copper content of 
the neoplasms was of the same order of 
magnitude for all the tissues; the range 
of values for this element among the 
neoplasms was thus considerably nar- 
rower than that for the normal tissues. 
There appeared to be little if any cor- 
relation between the copper content of 
a tissue and the cytochrome oxidase ac- 
tivity of the latter. 

The cytochrome systems in the liver, 
spleen, and nodes of patients dead of 
cancer had very nearly the same activity 
as that of comparable tissues in normal 
individuals. 

The proportion of epithelial cells in 
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a number of samples of neoplastic thy- 
roid tissue was determined, and it was 
shown that a fairly direct correlation 
exists between the number of such cells 
and the cytochrome oxidase activity and 
cytochrome ¢ content of the respective 
tissues. No such correlations could be 
observed in the case of the copper con- 
tent of the tissues, 

Studies of pigmented human melano- 
mas revealed the presence of active, 
cyanide-sensitive systems in these tis- 
sues which oxidized tyrosine and dihy- 
droxyphenylalanine to melanin, and of 
cvanide-insensitive systems which oxi- 
dized p-phenylenediamine. The activ- 
ity of these systems in these tissues was 
roughly reflected in the respective pro- 
portion of melanin within the tissues, 
a nearly direct correlation of such con- 
tent with dopa oxidase being observed. 
The nonpigmented melanoma was lack- 
ing in these systems. Both pigmented 
and nonpigmented melanomas pos- 
sessed nearly the same cytochrome oxi- 
dase activity. 
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